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RESUME 
 
A : L’HYDRE, UN MODÈLE POUR COMPRENDRE LA 
RÉGÉNÉRATION AU COURS DE L’ÉVOLUTION 
 
I. Le système de l’Hydre comme modèle 
 
1.Le phylum des Cnidaires dans le règne animal 
L’Hydre est un animal d’eau douce qui appartient au phylum des Cnidaires. Un des 
intérêts principaux de l’Hydre comme modèle est sa position dans l’arbre de 
l’évolution. Les cnidaires sont des animaux diploblastiques et ce phylum peut donc 
être considérés commele groupe frère des animaux triploblastiques (Wainright et al., 
1993). Les cnidaires représentent une forme très primitive de l’organisation et de la 
physiologie des métazoaires. Ce phylum est divisé en quatre classes, les 
Anthozoaires, les Cubozoaires, les Scyphozoaires et les Hydrozoaires, classe à 
laquelle l’Hydre appartient (Figure 1). Les stratégies génétiques et moléculaires 
appliquées durant ces deux dernières décennies ont identifié un grand nombre de 
composants moléculaires que les bilatéraux partagent pour réguler les mécanismes 
de développement. De ce point de vue, les espèces de Cnidaires offrent évidemment 
une position intéressante pour rechercher les mécanismes de développement déjà en 
place dans les ancêtres communs des bilatéraux. 
 
2.L’anatomie et l’organisation cellulaire de l’Hydre 
Les cnidaires sont parmi les animaux multicellulaires les plus simples, et les 
premiers dans le rang de la classification munis de cellules nerveuses et musculaires.  
L’Hydre vit exclusisvement sous forme de polype (Figure 2). La longueur de l’axe 
corporel varie de 0.5 à 1cm et celui-ci est composé de 50000 à 100000 cellules. La 
partie apicale de l’animal (appelée aussi la région de la tête) est formée de 
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l’hypostome, la région entourant l’ouverture de la bouche, et d’un unique anneau de 
tentacules. La partie basale de l’animal (ou pied) est faite de cellules ectodermales 
différentiées produisant du mucus servant à l’adhérence transitoire de l’animal à un 
substrat. 
 
3.L’épithélium et les cellules interstitielles de l’Hydre 
Il y a principalement deux lignées cellulaires chez l’Hydre (Figure 2) : les cellules 
épithéliales et les cellules interstitielles. Chacune des couches cellulaires, 
l’ectoderme et l’endoderme, est de l’épaisseur d’une couche de cellules et est 
composée des deux lignées, avec des cellules interstitielles dispersées au seind du 
feuillet cellulaire épithélial. Ces deux couches sont constantammentrenouvellées et 
gardées en équilibregrâce à l’activité mitotique des cellules souches de la région 
centrale du polype et la perte des cellules différentiées aux extrémités. Au total 10 à 
212 types cellulaires peuvent être identifiés (Bode, 1996). 
 
4.Les cellules épithéliales 
Les cellules épithéliales de la région centrale du polype sont continuellement en 
phase de mitose (Campbell, 1967a). Le cycle cellulaire moyen est de trois jours 
(David et Campbell, 1972) et la masse de tissu double en trois-quatre jours. Les 
cellules épithéliales sont organisées le long de l’axe corporel en régions bien 
définies : d’abord selon leur appartenance à une couche cellulaire, les cellules 
épithéliales de l’ectoderme et de l’endoderme sont différentes (Takano et Sugiyama, 
1984) , ensuite selon leurs stades du cycle mitotique et leurs stades de différentiation 
(Holstein et al., 1991). 
En effet, les cellules épithéliales qui migrent le long de l’axe corporel vers les deux 
extrémités suivent une stratégie particulière. Une cartographie des stades mitotiques 
et de marqueurs spécifiques exprimés par les cellules épithéliales aident à définir des 
territoires fonctionnels le long de l’axe corporel. Dans la région apicale, la plupart 
des cellules épithéliales qui viennent de la colonne et atteignent la zone des 
tentacules, migrent vers le bout des tentacules et arrêtent de proliférer, alors que très 
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peu d’entre elles vont vers l’hypostome. Dans l’hypostome, la plupart des cellules 
épithéliales dérivent de l’hypostome externe où elles prolifèrent alors que les cellules 
localisées autour de l’ouverture de la bouche (l’hypostome interne) restent en phase 
G2 (Dübel, 1989 ; Holstein et al., 1991). Par contre, dans l’endoderme, la plupart des 
cellules épthéliales de la région de la tête viennent d’une lignée épithéliale de la 
colonne corporelle. Elles migrent soit vers les tentacules soit vers l’apex de 
l’hypostome où elles arrêtent de se diviser. 
Les cellules épithéliales jouent un rôle crucial dans plusieurs fonctions 
physiologiques : la protection et maintenance de la régulation osmotique pour les 
cellules de l’ectoderme, la digestion pour les cellules de l’endoderme et la 
contraction musculaire dans les deux couches cellulaires (Prusch et al., 1976). De 
plus, les cellules épithéliales jouent des rôles morphogénétiques, surtout pour 
maintenir la forme corporelle et pour distribuer l’information morphogénétique le 
long de l’axe corporel (Takano et Sugiyama, 1984). Pendant le bourgeonnement, les 
cellules épithéliales de l’ectoderme s’évaginent et se différentient ensuite en une 
nouvelle région de la tête avec des cellules épithéliales spécifiques de cette région et 
forment des frontières de migration comme décrites pour le polype adulte. La région 
apicale se différencie de façon similaire lors de la régénération.  
 
5.Les cellules interstitielles 
Les cellules qui sont distribuées le long de l’axe corporel parmi les cellules 
épithéliales de l’ectoderme et de l’endoderme appartiennent à la lignée des cellules 
intersticielles. Selon leur stade de différentiation, ces cellules sont classées en 
différents groupes: cellules souches, cellules précurseurs et cellules différenciées. 
Lescellules multipotentes non-différentiées donneront naissance à trois classes 
différentes de cellules somatiques intermédiaires dans le processus de 
différentiation, précurseurs soit des cellules nerveuses, soit des cellules sécrétrices, 
soit des nematocytes. En se divisant, ces cellules vont finalement se différencier en 
cellules glandulaires et les cellules à mucus (les cellules sécrétrices), en cellules 
nerveuses sensorielles et ganglionnaires ou donner les quatre types de nematocytes, 
les desmonèmes, les atriches, les isorhizes et les stenotèles. Le dernier groupe issu 
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des cellules intersticielles est représenté par les gamètes, un type cellulaire 
intérmédiaire unipotent (David, 1974 ; Bode, 1987 ; Teragawa, 1990, 1995). 
Les processus de différentiation et de migration des cellules intersticielles sont 
continuels et fortement liés aux processus similaires effectués par les cellules 
épithéliales. 
Ce fin équilibre soutient les structures de l’animal adulte et guide les événements 
morphogénétiques de base de l’animal. 
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II. Les processus morphogénétiques chez l'Hydre 
 
En plus de la maintenance active de la forme générale du polype adulte, des 
processus morphogénétiques s'enclenchent dans d'autres situations comme le 
bourgeonnement, la régénération de la tête et du pied après une amputation ou une 
désaggrégation, et le développement sexuel (Figure 3). 
 
1. Le bourgeonnement 
Plusieurs hydrozoaires, l'Hydre incluse, peuvent se reproduire de façon asexuée par 
bourgeonnement de nouveaux polypes qui se détachent de l'animal parent (Figure 5). 
Chez l'Hydre, le bourgeonnement commence avec l'évagination des deux feuillets 
cellulaires dans une région basse du corps dont la position exacte varie d'espèce en 
espèce. Chez l'Hydra vulgaris, le bourgeonnement commence environ au deux tiers 
de la longueur totale à partir de l'apex. Le processus entier a été subdivisé en dix 
étapes différentes (Otto et Campbell, 1977) se déroulant sur trois jours, la 
différentiation du pied incluse. 
Le processus commence avec la mobilisation des cellules intersticielles en cellules 
neurales (Berking, 1980). Cet engagement cellulaire se passe dans le tissu du 
bourgeon présomptif un jour avant que tout changement ne soit visible de façon 
macroscopique. En parallèle, pendant le premier jour, au moins 800 cellules 
épithéliales des deux feuillets parentaux sont recrutées, et ce nombre atteint 5000 en 
24 heures (Graf et Gierer, 1980). Les neuroblastes migrent ensuite dans le tissu du 
bourgeon émergent où ils commencent à proliférer et à se différentier en cellules 
neurales et ganglionnaires (Berking, 1980). Le marquage des cellules parentales au 
moment du bourgeonnement a montré que  la migration du corps parental vers le 
bourgeon est quantitativement très importante pendant 24 heures jusqu'au stade 6. A 
ce stade, le premièr tentacule apparaît, la bouche s'ouvre et la migration de cellules 
parentales vers le bourgeon cesse (Otto et Campbell, 1977).Dés lors, le nouveau 
bourgeon, encore attaché à son parent, peut se nourrir. Au stade 9, 15 heures plus 
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tard, le pied va se former et le nouvel animal peut finalement se détacher après trois 
jours. 
 
2. La régénération 
Les processus de régénération sont observés dans un grand nombre d’espèces 
animales (Sánchez-Alvarado, 2000). Selon leur contexte biologique, ces processus  
sont classifiés soit en régénération tissulaire soit en régénération des appendices. Le 
premier type n’a pas besoin de formation de novo de structures tridimensionnelles et 
ne sera pas discuté dans ce travail. Par contre le second type concerne des 
mécanismes similaires à des événements du développement embryonnaire mais se 
déroulant chez un animal adulte. Il est divisé en deux catégories selon des critères 
cellulaires : la régénération épimorphique et la régénération morphallactique. 
 
3. La régénération épimorphique 
Le terme épimorphose a été proposé par Morgan (Morgan, 1905). C'est un mode de 
régénération dû à la prolifération cellulaire qui va former un blastème (Figure 6). Le 
blastème  est fait de deux compartiments, le feuillet externe  formé de cellules 
d'origine épithéliale qui couvrent tout le bout du bourgeon et le feuillet interne sous-
jacent d’origine mésenchymateuse. Les interactions entre ces deux feuillets vont 
induire la différentiation des structures manquantes. Ce type de régénération est 
commune aux planaires, aux gastropodes, aux échinodermes, aux urochordés, et à la 
régénération de la patte ou de la queue chez les vertébrés (Sánchez Alvarado, 2000). 
 
4. La régénération morphallactique 
Le deuxième mode de régénération est la morphallaxie. Elle implique la recréation 
de parts corporelles  manquantes en absence de prolifération cellulaire, ce qui est 
principalement le cas chez l’Hydre (Cummings et Bode, 1984 ;  Holstein et al., 
1991 ; Park et al., 1970). Au moins pendant le premier jour, le seul processus en 
action est la différentiation de cellules préexistantes dans la région de la blessure. 
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Immédiatement après amputation, les cellules des extrémités de la blessure migrent 
et s’étendent pour la couvrir (phase de cicatrisation). Des expériences de greffe ont 
montré qu’après une période d’inhibition post-coupure de quelques heures, 
l’extrémité cicatrisante est capable d’induire la formation d’une nouvelle tête chez 
l’hôte greffé (Berking, 1979 ; Mac Williams, 1983b ; Webster et Wolpert, 1966). Le 
bout greffé est alors la région d’une activité organisatrice qui se met en place 
progressivement. Cette activité atteint un plateau après environ dix heures suivant la 
section et reste exclusivement active à l’extrémité pendant quinze heures (Mac 
Willams, 1983b). 
 
5. La réaggrégation 
L’Hydre peut être dissociée en cellules isolées pouvant être centrifugées pour former 
un culot capable de réorganiser un animal entier (Gierer et al., 1972). Les amas de 
cellules dissociées subissent d’abord une longue période de reconstitution spontanée. 
Ils se développent en monstres à plusieurs têtes qui, après une à quatre semaines, se 
séparent en un ou plusieurs animaux selon la taille initiale de l’aggrégat. Des 
expériences classiques avec ces aggrégats montrent aussi que les capacités d’auto-
organisation des cellules ne sont pas équivalentes (Gierer et al., 1972). Il s’opère 
immédiatement un tri entre les cellules  de l’ectoderme et de l’endoderme (Sato-
Maeda et al., 1994 ; Technau et Holstein, 1992). La différentiation terminale se 
passe avant l’établissement de la polarité du nouvel animal (Dubel, 1990). Des 
centres organisateurs pour la région de la tête, distribués au hasard, sont détectés 
après 24 heures. Certains formeront une tête et d’autres disparaîtront par inhibition 
latérale (Lee et Javois, 1993). 
 
6. La reproduction sexuée 
Elle se produit spontanément et dépend directement des conditions 
environnementales et de l’espèce. Les polypes sont capables de en produire des 
gonades mâles et femelles. On observe parfois les deux types sur le même polype. 
L’embryon atteint le stade de morula et se détache du parent. Il achève son 
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développement durant l’hiver et un éclot à l’état adulte au printemps (Tardent, 
1968). Il n’y a ni planula nageuse ni stade méduse parmi les différentes espèces 
d’Hydre. 
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III. Les voies moléculaires conservées au cours de l’évolution 
 
Seules les voies de développement conservées au cours de l’évolution qui 
concernent notre travail seront discutées ici.  
1. Le facteur de transcription CREB 
L’identification de CREB est due aux études de la régulation de l’AMPc en réponse 
à des stimulus hormonaux (pour revue voir Shaywitz et Greenberg, 1999). Le 
glucagon ou l’épinephrine provoquent une augmentation de l’AMPc intracellulaire 
qui à son tour stimule la transcription des gènes de la somatostatine et d’autres 
neuropeptides (Goodman, 1990 ; Montminy et al., 1986). L’analyse systématique 
par délétion de la région promotrice du gène de la somatostatine a révélé le rôle 
fonctionnel du CRE (cAMP response element) dans cette réponse. Le CRE, un 
palindrome de 8 paires de base (pb)  5 ‘-TGACGTCA-3 ‘, est un élément crucial 
dans les cascades moléculaires impliquant l’AMPc. La chromatographie par affinité 
a permis d’isoler la protéine CREB de 43kD (cAMP response element binding 
protein) à partir d’extraits totaux de cellules PC12 (Montminy et Bilezikjian, 1987). 
Le gène CREB humain a été isolé, il code pour une protéine de 327 acides aminés 
(Gonzalez et al., 1989). Depuis lors, ce gène a été cloné chez des espèces éloignées 
comme Aplysia, Drosophila et chez l ‘Hydre. L’attachement à l’ADN de cette 
protéine se fait en dimère par un domaine basique riche en lysine et arginine suivi 
d’un motif « leucine zipper » permettant la dimerisation (Habener et al., 1990).  
2. La voie de CREB chez l’Hydre 
Il est connu depuis de nombreuses années que le traitement de l’Hydre avec de 
l’AMPc peut affecter la régénération (Wolpert et al., 1974). Il a été montré de plus 
que l’AMPc pouvait imiter le rôle joué par le nueropeptide head activator 
(HA)durant la différentiation des cellules nerveuses (Fenger et al., 1994 ; Holstein et 
al., 1986).  En testant l’activité de liaison à l’ADN d’extraits nucléaires d’hydres 
(Hydre vulgaris) préparés à différents moments pendant la régénération, il a été 
observé une modulation significative de l’activité de liaison sur le CRE durant le 
début de la régénération (Galliot et al., 1995). Cette analyse de liaison à l’ADN 
« band-shift » a aussi été effectuée sur une espèce déficiente pour la régénération du 
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pied, Hydra oligactis, et aucune modulation de liaison au CRE n’a été observée en 
l’absence de régénération (Figure 9). Il semble donc que ces modulations ne sont pas 
liées à la cicatrisation mais induites spécifiquement au moment de l’enclenchement 
de la régénération. Ces résultats suggèrent que le facteur de transcription potentiel 
CREB chez l’Hydre est impliqué dans la régulation de la régénération (Galliot et al., 
1995). Des banques d’ADN complémentaire ont alors été criblées avec un 
oligonucléotide dégénéré correspondant à la région basique conservée. Deux gènes 
CREB uniques, l’un provenant d’Hydra vulgaris, l’autre de Chlorohydra 
viridissima, ont été trouvés montrant des domaines bZIP et KID très conservés 
(Figure 7). 
3. La voie de signalisation de Hedgehog (Hh) au cours de l’évolution 
Les gènes Hedgehog (Hh) forment une famille de molécules signal impliquées dans 
une variété de processus du développement chez les vertébrés et chez les invertébrés 
(Hammerschmidt et al., 1997). Chez la drosophile, le gène Hh définit les segments, 
l’aile, la patte, les disques imaginaux des yeux et des régions du cerveau. Ceci se fait 
directement ou indirectement par le recrutement d’autres molécules signal comme 
decapentaplegic (Dpp) et Wingless (Wg) (Figure 10). Au contraire de la drosophile 
qui ne possède qu’un seul gène Hh, les mammifères en ont trois copies :  Sonic 
Hedgehog (Shh), Indian Hedgehog (Ihh), Desert Hedgehog (Dhh) ce dernier 
représentant probablement le plus ancien des gènes Hh chez les mammifères (Kumar 
et al., 1996 ; Zardoya et al., 1996). 
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B. BUTS DE CE TRAVAIL 
 
Ce travail a tenté de répondre aux questions suivantes : 
Quelles sont les modulations moléculaires précoces pendant la régénération et le 
bourgeonnement ? 
Quels sont les médiateurs extracellulaires de ces réponses précoces ? 
Quelles sont les similarités entre le bourgeonnement et la régénération ? 
Comment le corps se structure-t-il le long de la colonne corporelle chez l’Hydre au 
niveau moléculaire ? 
Les résultats observés au niveau moléculaire sont-ils compatibles avec le modèle des 
gradients extracellulaires responsables de la formation de l’Hydre ? 
Des données tendent à confirmer le rôle potentiel de la voie de signalisation CREB 
pendant la régénération (Galliot et al., 1995). Nous avons alors décidé d’étudier plus 
en détail la régulation de CREB au niveau de la transcription et de la post-traduction. 
La conservation des gènes Hh entre les arthropodes et les vertébrés implique que ce 
gène était présent chez leur ancêtre commun. Ce fait suggère qu’une voie de 
signalisation correspondante peut avoir une histoire phylogénétique ancienne. De 
plus, les polypes de l‘Hydre sont bien connus pour leur capacité à régénérer et pour 
la présence d’événements morphogénétiques. Pour ces raisons, nous avons cherché 
un gène Hh dans le génome de l’Hydre ainsi que le facteur de transcription conservé 
Gli/Ci, qui médie la signalisation par Hh chez les vertébrés et chez les arthropodes. 
Au cours de ce travail, nous avons également isolé par hasard un gène contenant une 
séquence répétée de type Kazal, Iolaos, qui a des similarités avec la famille des 
gènes Agrin/Follistatin. La régulation de ces gènes a été étudiée au niveau du 
bourgeonnement et de la régénération. Pour effectuer ce travail nous avons donc 
utilisé des techniques avancées  de biochimie et de biologie moléculaire: RT-PCR, 
Southern, hybridation des ARNm sur animal entier in situ, immuno-détection sur 
animal entier, production in vitro de protéines, analyse par Western, expériences de 
phosphorylation en gel, expériences de phosphorylation sur phase solide.
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C. DISCUSSION DES RÉSULTATS OBTENUS 
 
1. La signalisation de CREB durant la régénération précoce de l’Hydre 
La régénération de l’Hydre est une transition majeure du développement pendant 
laquelle la voie de CREB est activée juste après section de l’animal. Nous avons 
analysé les activités des kinases détectées parmi les protéines liant CREB. L’une 
d’entre elles, la kinase p80, montrevingt minutes après la section mi-gastrique, une 
activité qui augmente dans le bout régénérant la tête mais diminue dans le bout de 
régénérant le pied. Cette régulation n’a cependant pas été observée chez le mutant 
reg-16 qui n’est pas capable de régénérer la tête. De plus, quand cette régénération 
est ralentie par la haute concentration de facteurs relâchés après la section, la 
régulation de p80 est inversée. Cette régulation précoce et opposée de l’activité de 
kination de p80 dans les bouts régénérant la tête et le pied implique que ces bouts 
régénérants répondent de façon différente aux facteurs relargués dans le milieu. 
Ainsi une polarité s’établirait très précocément dans le bout régénérant, bien plus tôt 
que ce que les expériences de transplantation ou l’expression de gènes spécifiques de 
l’apex et de la base nous laissait supposer. Ces résultats suggèrent qu’une régulation 
précoce et prolongée de quelques heures de p80 est nécessaire pour l’établissement 
d’une activité organisatrice durant la régénération de l’Hydre. 
2. La régulation transcriptionnelle de CREB 
L’analyse de l’expression du gène CREB montre au moins trois modes de régulation 
distincts et spécifiques. Nous avons observé une régulation spécifique de CREB au 
niveau de la tête dans l’hypostome du polype adulte, une régulation précoce lors du 
bourgeonnement et de la régénération, et finalement une régulation tardive lors de la 
formation de la tête. Il semble donc qu’une régulation appropriée du gène CREB soit 
nécessaire pour i) maintenir la structure de la tête chez l’adulte, ii) pour initier des 
processus morphogénétiques précoces dans la régénération de la tête et du pied ou 
dans le bourgeonnement, iii) pour la différentiation finale de la tête. 
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3. La régulation post-transcriptionnelle de CREB et le cycle de la lumière 
Dans cette étude, nous avons pu montrer l’influence de la lumière sur les 
événements morphogénétiques. En effet, le taux de bourgeonnement et de 
régénération augmentent en absence de lumière. De plus, nous apportons des 
données préliminaires qui suggèrent que CREB est régulé de façon post-
transcriptionnelle par la lumière chez l’Hydre. Ces résultats impliquent la possibilité 
d’une existence de photorécepteurs chez l’Hydre. En fait, certains cnidaires (les 
cubozoaires) développent des yeux et des structures nerveuses périphériques leur 
permettant de réagir à la lumière. Récemment, trois gènes du cristallin ont été clonés 
chez la méduse, et il a été montré que leur régulation dépendait du récepteur 
nucléaire à l’acide rétinoïque X comme c’est le cas chez les animaux bilatéraux 
(Kostrouch et al., 1998). A ce jour, la caractérisation des photorécepteurs de l’Hydre 
n’a pas encore été décrite, mais sa réaction à la lumière a été intensivement étudiée 
au niveau comportementemental et électro-physiologique (Passano et Mc Cullough, 
1962 ; Passano et Mc Cullough, 1964 ; Tardent et Frei, 1969). 
4. Les étapes moléculaires du bourgeonnement de l’Hydre 
Les résultats de l’analyse des modes dexpression des gènes Tcf, β-catenine 
(Hobmayer et al., 2000), Hh, Iolaos (ce travail) d’une part et de ceux de CREB (ce 
travail) et prdl-a (Gauchat et al., 1998) d’autre part, impliquent qu’il y a au moins 
deux programmes génétiques distincts et successifs avant l’émergence du bourgeon, 
avant que le bourgeon devienne observable au niveau macroscopique. 
5. La frontière d’expression de Hedgehog pourrait être une région organisatrice 
Nous avons effectué des greffes pour découvrir le rôle potentiel du tissu exprimant 
Hh pour le  bourgeonnement. Ceci a montré qu’une petite région exprimant Hh est 
capable d’induire la formation d’un nouveau pied. Ce pied ectopique semble 
provoquer la formation d’une nouvelle frontière dans la colonne corporelle entre les 
cellules exprimant et n’exprimant pas Hh. De plus, ce pied est capable d’induire un 
bourgeonnement ectopique complet dans de nombreux cas. Des expériences de 
marquage à la fluorescence montrent que ce pied est capable de recruter des cellules 
du tissu adjacent. Ces résultats suggèrent donc que la région exprimant Hh, en créant 
une frontière d’expression, peut agir comme un « organisateur morphogénétique ». 
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La définition classique d’un organisateur est la suivante : c’est une population 
cellulaire capable i) de sécréter des molécules inductrices actives sur les cellules 
adjacentes, ii) de guider les cellules adjacentes vers des événements 
morphogénétiques spécifiques, iii) d’échanger des cellules avec les tissus adjacents, 
iiii) de se différentier en une structure spécifique. La région exprimant Hh semble 
remplir toutes ces conditions. 
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I. INTRODUCTION 
The mythology of Hydra 
Hydra has the name of Lernea Hydra of mythology. She was the daughter of Ehidna and 
Tyfoeos. Ehidna was a strange creature being half snake and the other half a woman with 
wings. The father of Lernea Hydra was one of the Titans having two snakes as the lower part 
of the body and wings on the human like higher part of his. His shoulders were giving birth to 
hundreds of snakeheads and he could touch the stars with his arms. The family of Lernea was 
completed with her strange brothers and sisters, Kerveros, the 4-headed dog and Orthos the 2-
headed dog, which belonged to the 3-headed Gyrioenas, the legendary Sfiga and also 
Chimera. Her uncle Ladonas, the brother of Ehidna was a snake like human with 100 heads 
ready to regenerate soon after they were removed. Great family for a great era, when strange 
creatures were the rulers of the Earth, which by the way was the grand mother of Lernea, 
whose one of the cousins was Skyla, one of the most mysterious creature in mythology. Her 
morphology was changing according to the story she had to participate in and sometimes she 
was clonally multiplying herself to mix up her enemies. Lernea Hydra was born in the 
greatest transitory era for the evolutionary morphogenesis of the ancestors of the human 
beings.  
Our little animal could take other names. For example the one of Forkis, the first king of all of 
the creatures of the water, who had the ability to change his head and also his body in to many 
different ways, or the name of the Selini, the very similar monster that Perseas killed. Iolaos, 
the friend of Iraklis, acted like a scientific advisor, when he decided to find a way to stop the 
monster from regenerating. He knew, or at least he felt, that something was going on right at 
the regenerating stumps of the creature. This something he had to stop with fire. Even though 
the body of Hydra was regenerating heads we never learned if her heads were regenerating 
new bodies. Her only immortal head we know that is still alive under a rock at the Lerna 
Lake. Maybe Abraham Trembley who was the first to elaborate experiments on Hydra 
(Trembley, 1744), had better knowledge resources than what we have and he knew more 
about the story of the heads of Hydra. I would suggest that our Hydra has only a small 
similarity with the Hydra of the Lerna Lake and this is for sure not a phenotypic one.  
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I.1. Hydra as a model system 
I.1.1. The Cnidaria phylum in the animal kingdom  
Hydra is a fresh water animal that belongs to the Cnidaria phylum. One of the main interests 
of the Hydra model system relies on the position of its phylum on the animal tree. The 
diblastic Cnidaria phylum stands as a sister-group of triploblastic animals (Wainright, 1993) 
and, as such, might illustrate a very primitive form of metazoan organization and physiology. 
This phylum is divided into 
four classes: 
Anthozoa,Cubozoa, Scyphozoa 
and Hydrozoa, to which Hydra 
belongs (Figure 1). The genetic 
and molecular strategies 
applied during the last two 
decades have identified a large 
number of molecular 
components that the bilaterians 
share to regulate their 
developmental mechanisms. In 
that view, cnidarian species 
offer an obviously interesting 
position for investigating 
developmental mechanisms 
already at work in the common Figure 1. The phylogenetic position of Hydra. The Cnidaria phylum 
displays a sister group position to the bilaterians in the animal 
phylogenetic tree. Hydra belongs to the hydrozoan class. ancestors of bilaterians.  
One could argue that for such studies we should have better selected phylogenetical lower 
organisms, like sponges that belong to the Porifera phylum. In order to understand the 
respective adavantages of cnidarians and poriferans, we present a detailed comparative 
analysis of the two phyla (Table 1). According to this analysis, Porifera, which are positioned 
at the basis of the metazoan phylogenetic tree, have some disadvantages compared to 
Cnidaria:  
1) Porifera have a less obvious body architecture than Cnidaria 
 - 21 - 
KINGDOM/PHYLUM 
Word root 
PORIFERA 
"pore-bearer" 
CNIDARIA 
"Nettle"-stinging 
HABITAT marine 
freshwater (1 family) 
mostly marine 
freshwater 
LEVEL OF 
ORGANIZATION 
cell aggregations/cell-tissue 
specialized cells 
cell-tissue 
EMBRYONIC GERM LAYERS none present diploblastic; 
SYMMETRY radial symmetry or asymmetry radial symmetry 
LOCOMOTION sessile adults  
motile larvae 
muscle fibers 
sessile or free-swimming 
SKELETON spicules of calcium carbonate or silicon 
spongin 
hydrostatic skeleton 
exoskeleton in some species 
BODY CAVITY spongocoel except in demospongiae gastrovascular cavity 
DIGESTION intracellular, choanocytes extra-and intracellular 
incomplete system 
RESPIRATION exchange of respiratory gases (co2 and o2)  
by diffusion through body surface 
 
CIRCULATION active transport, diffusion and osmoses  
EXCRETION ammonia (primary nitrogenous waste)  
     diffuses through the body surface 
osmoregulation 
contractile vacuoles 
 
NERVOUS SYSTEM responds to environmental stimuli nerve nets only; no CNS 
statocysts and ocelli (some sp.)
REPRODUCTION asexual: budding - gemmules  
sexual: eggs and sperm 
asexual: budding  
sexual: gametes;  
planula larva in some species 
PHYLUM-SPECIFIC pinacocytes; amoebocytes 
canal systems 
tentacles, nematocysts  
polyp: usually sessile 
medusa: free-swimming 
 
Table 1: Comparison of the Porifera and Cnidaria phyla. Animal characters comparative tables are located at the 
following address: http://www.belmont.edu/Science/Biology/Bio112/Animal%20Characters.html 
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2) Porifera do not have a well-defined gastric cavity 
3) Porifera do not differentiate neural cells 
4) Porifera are difficult for DNA preparations due the exoskeleton 
5) Porifera are difficult to be maintained in the laboratory 
6) Porifera have not been studied for the last 260 years as Hydra has. 
Therefore cnidarians, even though hierarchical higher, display many advantages for 
phylogenetic purposes.  
 
 
I.1.2. Anatomy and cellular organisation of Hydra 
Cnidarians are among the simplest multicellular animals, the first in the zoological rankings 
equiped with nerve cells and muscle cells. The main characteristics of the cnidarian 
morphology are as follows: 
- a basic radial symmetry 
- two layers of cells (diploblastic), ectoderm and endoderm, which constitute the body wall 
- an extra-cellular collageneous layer, called the mesoglea, separates ectoderm from 
endoderm 
- a digestive cavity (called gastrovascular cavity) that has a single opening, the mouth 
- one to several rings of tentacles associated with the mouth 
- phylum-specific cells named cnidoblasts that produce distinctive stinging structures called 
nematocysts 
- a nervous system made of sensory and ganglia nerve cells, that form a simple network with 
no centralized coordinating center, but a nerve ring in the apical part of some species 
- no special excretory or respiratory system, no organs 
- an alternance between the polyp (benthic) and medusa (pelagic) forms in the life cycle of 
scyphozoans and many hydrozoans 
- a colonial organisation in most species at the polyp stage (etymologically: many feet) 
- an exclusively aquatic and mostly marine biotope (few hydrozoans are found in fresh water) 
Hydra lives exclusively as a polyp (Figure 2). The length of the body column varies from 0.5 
cm to 1 cm and is composed by 50.000 to 100.000 cells. The apical part of the animal is 
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formed by the hypostome, which is the region surrounding the mouth opening, and a unique 
tentacle ring. The basal part (or foot) consists of differentiated ectodermal cells that produce 
some mucous, transiently enabling the polyp to adhere to a substrate. 
I.1.3. The epithelial and interstitial cell lineages of Hydra 
Two main cell lineages are present in hydra (Figure 2): the epithelial cells that are the most 
abundant (about 80%) and the interstitial cells. Each of the two cell layers, ectoderm and 
endoderm, is a single cell deep and contain cells from both cell lineages, with interstitial cells 
intermingled within the epithelial cell sheet. These two layers are in steady state, due to a 
permanent renewal of the stem cells in the body column and a simultanous loss of 
differentiated cells at the extremities. In total 20 to 25 different cell types can be identified 
(Bode, 1996).  
 
Figure 2 : Scheme depicting the general and cellular organisation of the hydra body plan. 
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Epithelial cells 
The epithelial cells in the body column are continuously in the mitotic cycle (Campbell, 1967) 
with an average cell cycle time of 3 days (David, 1972), so that the tissue mass of the animal 
doubles in 3-4 days. The animal remains constant in size due to the continuous displacement 
and apoptosis of the epithelial cells towards the ends of the body column (Campbell, 1967). 
This process stands for the 15-20% of the total cell mass loss from the main body column. 
The other 80-85% of the lost cell mass is used into the developing buds.  
The epithelial cells are organized in distinct well-defined regions along the body axis: first 
according to their cell layer, ectodermal and endodermal epithelial cell lineages being distinct 
(Takano, 1984); second according to their mitotic and differentiation stages (Holstein, 1991 
5). Indeed, the epithelial cells that migrate along the body axis towards the two extremities 
follow a specific strategy. A map of the mitotic stages and the specific markers expressed by 
the epithelial cells helped define functional territories along the body column. In the apical 
region, most of the ectodermal epithelial cells that originate from the body column and reach 
the tentacle zone, migrate towards the tip of the tentacles where they stop proliferating but 
very few towards the hypostome. Within the hypostome, most of the ectodermal epithelial 
cells derive from the outer hypostome where they proliferate while those located around the 
mouth opening (the inner hypostome) are stacked in G2 (Dübel, 1989 10; Holstein, 1991). In 
contrast, in the endoderm, most of the epithelial cells found in the head region derive from 
endodermal epithelial lineage of the body column. They move either towards the tentacles or 
towards the apex of the hypostome where they stop dividing.  
The epithelial cells play a crucial role for several physiological functions: protective and 
maintaining the osmoregulation when ectodermal, digestive when endodermal, muscular 
contraction in both layers (Prusch, 1976). In addition, the epithelial cells play morphogenetic 
roles, namely maintaining the body shape and providing the morphogenetic information along 
the body axis (Takano, 1984). During budding, the ectodermal epithelial cells evaginate and 
subsequently differentiate a new head region, with the differentiation of head-specific 
epithelial cells and the setting up of migration boundaries as described in the adult polyp. 
Head differentiation occurs in a similar way during regeneration.  
2. Interstitial Cells 
The cells, which are distributed among the ectodermal and endodermal epithelial cells along 
the body axis, belong to the interstitial cell lineage. According to their differentiation stage, 
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these cells can be classified in different groups: first, the multipotent undifferentiated stem 
cells, that upon mitosis will self renew and produce committed cells, that will finally 
terminally differentiate in one or the other of the 3 distinct somatic cell lineages. The 
interstitial committed or precursor cells, stacked in G2, will go through a final differentiation 
step, giving rise to different types of cells:  
• the secretory cells (gland cells, mucous cells) (Bode, 1987) 
• the neural cells (sensory and ganglion cells) (Holstein, 1986; Bode, 1990) 
• the four types of nematocytes (desmonemes, atrichous isorhizas, stenoteles and 
holotrichous isorhizas), (David, 1974; Shimizu, 1995) 
• gametes also derive from the interstitial cell lineage, with a unipotent intermediate cell 
type (Littlefield, 1991; Nishimiya-Fujisawa, 1993).  
The differentiation and migration of the interstitial cells are continuous processes (Heimfeld, 
1984; Teragawa, 1995), in tight crosstalking and crossregulation with the differentiation and 
migration of epithelial cells (Minobe, 1995; Technau, 1996).  
The concomittant differentiation and migration of both cell lineages result in a dynamic 
typical cellular organisation of the hydra polyp: undetermined, undifferentiated cells are 
found in the central part of the body column while terminally differentiated cells are located 
at the apical and basal extremities of the animal. This fine equilibrium between epithelial and 
interstitial cell lineages sustains the maintenance of the adult polyp structures and supports the 
morphogenetic events that continuously take place during the life of the animal (Sugiyama, 
1993).  
I.1.4. Hydra morphogenetic processes 
Beside an active maintenance of the patterning in the adult polyp, morphogenetic processes 
take place in 4 different contexts in hydra : during bud formation, at the time a head or a foot 
regenerates following either amputation or dissociation of the animal cell layers, and during 
sexual development (Figure 3).  
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3. 1- Active maintenance of adult polyp patterning 
The presence of morphogenetic activity in Hydra adult tissue was first described by Elena 
Browne who grafted pieces of tissue onto a host polyp and could induce a complete secondary 
axis (Browne, 1909). This 
experiment provided for the 
first time some support to the 
concept of inductive processes, 
about 20 years before Spemann 
and Mangold demonstrated the 
presence of an organizer region 
in the Xenopus embryo. Later 
on, the graded distribution of 
differentiated cells along the 
axis was observed (Tardent, 
1954), and the graded 
distribution of biological 
activities was demonstrated by 
grafting experiments. Lewis 
Wolpert has linked the two 
potentials for the formation of h
implying that diffusible extra-cel
(Wolpert, 1972). Coupled 
considerations (Meinhardt, 1974), 
interpreted in terms of developm
head and foot formation are sup
from two pairs of antiparallel 
activation and inhibition gradi
cellular signals (MacWill
MacWilliams, 1983). However
grafted experiments have illustrat
pattern formation can occur in
absence of developmental gradient 
Figure 3: Morphogenetic processes in hydra. In adult polyps,
undifferentiated cells located in the body column permanently
differentiate and migrate towards the extremities.  ead or foot structures with the term of positional value, 
lular signals would account for axis patterning in Hydra 
to theoretical 
these data were 
ental potentials: 
posed to result 
morphogenetic 
ents of extra-
iams, 1983; 
 sophisticated 
ed the fact that 
 Hydra in the 
s (Ando, 1989).  a) b)
 
Figure 4 : The classical view of antiparallel
gradients supporting Hydra patterning. a)
Head activation and head inhibition. b)
Foot activation and foot inhibition.  
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4. 2- Budding 
Several hydrozoans, including Hydra, can reproduce asexually by the production of buds that 
finally separate from the parental animal as new polyps (Figure 5). In Hydra, budding starts 
with the evagination of the two cell layers at a low position on the body column that slightly 
varies between the different hydra species. In Hydra vulgaris, budding normally takes place at 
a position 2/3 distant from the apex of the animal. The overall process was subdivided in ten 
different stages (Otto, 1977) that are completed in three days, including the differentiation of 
the foot.  
The process is initiated with the 
commitment of interstitial cells to the neural 
fate (Berking, 1980). This commitment 
takes place within the presumptive bud 
tissue one day before any obvious 
macroscopic modification is observed. 
Concomittantly, epithelial cells are 
recruited. During the first day, at least 800 
epithelial cells are recruited from both 
layers of the parental body; their number 
reaches 5000 cells within 24 hours (Graf, 
1980). Then the neuroblasts migrate within 
the evaginating bud tissue where they start 
proliferate and differentiate as neural and 
ganglion cells (Berking, 1980). Labeling of 
parental cells at the time budding occurs, 
has shown that migration from the parental 
body column toward the evaginating bud is 
quantitatively very important for the 24 
hours up to stage 6. At that stage, the first 
t
p
a
a
T 
Figure 5 : The budding process in Hydra. Budding
stages are depicted according to Otto and Campbell,
1977. The development from stage 2 to stage 6 will
last about 24 hours. At stage 6, the mouth opening
will form and the bud will soon start feeding. The
foot will be formed at stage 9 and at stage 10, the bud
is ready to detach. It takes around 3 days to reach this
stage. Cross-hatching in stages 1 and 2 indicates the
endoderm. c: contracted, e: elongated, d: distended
with fluid.  entacle rudiments will appear, the mouth opening will form and migration processes from the 
arent toward the bud will cease (Otto, 1977). From that stage the newly formed bud, still 
ttached to the parent can feed. At stage 9, 15 hours later, the foot will form and the new 
nimal can eventually detach after 3 days.  
he developmental questions related to budding are the following:  
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- Why is budding occuring in a so strictly defined position along the apico-basal 
axis? 
- How can one explain budding in the context of the radial symmetry of cnidarians, 
considering that symmetry is broken upon budding process? 
- How can we integrate the establishment of the budding zone together with a graded 
distribution of the apical-basal axis information and the radial symmetry? 
- How much related are the mechanisms that lead to the different types of budding 
observed in cnidarians: asexual budding as in Hydra, budding of the medusa as in 
Podocoryne, reverse budding as observed in Cassiopea (scyphozoan) where the foot 
differentiates at the tip of the bud? 
5. 3- Regeneration 
Regeneration processes are observed in a large number of animal species (Sánchez Alvarado, 
2000) and according to their biological context, these processes are classified either as tissue 
regeneration or as regeneration of appendages or body parts. The first process does not 
require a de novo formation of new structures and will not be considered in this work; in 
contrast the second type of regeneration relies on morphogenetic processes that can be 
regarded as developmental events taking place during the adult life. This latter type of 
regeneration was sub-divided into epimorphic and morphallactic regeneration modes 
according to cellular criteria.  
Epimorphic regeneration 
Epimorphosis is a term that was originally proposed by Morgan (Morgan, 1905): this first 
mode of regeneration requires cell proliferation that will lead to the formation of a blastema 
(Figure 6). The blastema is made of two compartments, the superficial sheet of cells of 
epithelial origin that covers the entire stump and the underlying layer of cells of mesenchymal 
origin. The interactions that will take place between these two layers of the blastema will lead 
to the differentiation of the missing structures. This type of regeneration is common to 
planarians, gastropods, echinoderms, urochordates, and, limb and tail regeneration in 
vertebrates (see (Sánchez Alvarado, 2000).  
Morphallactic regeneration 
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The second mode of regeneration has been termed morphallaxis. Morphallaxis involves the 
recreation of the missing body parts in the absence of proliferation and this mode mostly 
applies to Hydra regeneration (Park, 1970 ; Cummings, 1984 ; Holstein, 1991). The only 
process that takes place, at least during the first day, is the differentiation of the pre-existing 
cells in the region of the injury. Immediately after amputation, epithelial cells of the stumps 
will migrate and stretch to cover the wound (wound healing phase). Then grafting 
experiments have 
demonstrated that, after a 
post-cutting inhibition period 
of a couple of hours, the 
stump is able to induce the 
formation of secundary head 
in the grafted host (Webster, 
1966; Berking, 1979; 
MacWilliams, 1983). Thus, 
the stump is the place where 
an organizer activity will 
progressively get established. 
This activity reaches a plateau 
level about 10 hours after 
bisection, remaining strictly 
limited to the regenerating tip 
for the first 15 hours 
(MacWilliams, 1983).  
D
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Figure 6 : Epimorphic and morphallactic regeneration in the animal
kingdom. Sheme depicting the various steps required before
regeneration is fully achieved in various model systems. In urodeles,
the two first phases last about two weeks; in planarian, the blastema
appears after one day ; in hydra, the head organizer activity is
established within several hours after cutting. Endodermal cells are
involved in body regeneration but not in appendage regeneration. uring the regeneration process, the first events that are detected at the cellular level are the 
etermination and final differentiation of new nerve cells (Bursztajn, 1974; Yaross, 1978). It 
as proposed that nerve cells are the primary source of signals during regeneration and 
udding (Schaller, 1989). However nerve cells depleted animals are still able to regenerate, 
robably thanks to morphogenetic substances produced by the epithelial cells (Schaller, 
980). The signals that control patterning in Hydra remain largely unknown. Peptides, 
roduced by nerve cells as head activator (Schaller, 1989) or by epithelial cells like pedibin, 
ym-346 (Hoffmeister, 1996; Grens, 1999) were shown to accelerate apical or basal 
egeneration respectively. Although early modulations in expression of regulatory genes have 
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been identified during regeneration -for review see (Galliot, 2000), it is not known what 
signaling mechanisms propagate the head- and foot-inducing signals from their extracellular 
location to the nucleus. However, appropriate modulation of PKC activity is likely crucial for 
axis development as evidenced by DAG treatment that leads to multihead animals (Müller, 
1989). In vivo, PKC activity increases upon translocation to the membrane during head 
regeneration and two distinct Hydra genes encoding cPKC and nPKC, show a regulated 
expression during apical and apico/basal patterning respectively (Hassel, 1998; Hassel, 1998).  
6. 4- Reaggregation 
Hydra can be dissociated into single cells, which when centrifuged into pellets reorganize into 
complete animals (Gierer, 1972). Reaggregates first undergo a long lasting process of 
spontaneous reconstitution: they develop into multiheaded monsters that, after one to four 
weeks, separate giving rise to one or more normal animals depending on the initial size of the 
aggregate. Classical experiments with aggregated cells also showed that in the process of self-
organization the cells are not equivalent (Gierer, 1972). An immediate cell sorting between 
ectodermal and endodermal cells will first take place (Sato-Maeda, 1994; Technau, 1992) and 
terminal differentiation will occur before the polarity is reestablished (Dubel, 1990). 
Randomly distributed head-organizing centers are detected by 24 hours, providing support for 
head differentiation in some cases, or disappearing probably by a lateral inhibition process in 
others (Lee, 1993).  
7. 5- Sexual reproduction 
It occurs naturally and directly depends on environmental and species specific factors. The 
polyps are able to differentiate male and female gonads, sometimes both on the same polyp. 
The embryo reaches the morula stage and falls down from the parent. It will complete its 
development during the winter, becoming an adult polyp at springtime (Tardent, 1968). There 
is neither swimming planula or medusa stage in the different hydra species.  
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I.2. Evolutionarily-conserved developmental pathways 
We will describe in this introduction only the evolutionarily conserved developmental 
pathways that are related to our own investigations. Other important pathways, as the Wnt 
pathway, are mentionned in the discussion of the results.  
I.2.1. The CREB Pathway 
8. The CREB transcription factor 
The identification and characterization of the CREB transcription factor resulted from studies KID
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..................QAYTIK....GTLPIGLDN....TSLASPHQLAEEATRKRELRLYKNREAARECRRKKKEYVKC   217 
..................QAYTIK....GTLPMGLDN....TSLASPHQLAEEATRKRELRLYKNREAARECRRKKTHTETF*  199 
..................QAYTIK....GTLPMGLDN....TSLASPHQLAEEATRKRELRLYKNREAARE
............AASGDVQTYQIRTAPTSTIAPGVVMA...SSPALPTQPAEEAARKREVRLMKNREAARECRRKKKEYVKC   295
............AASGDVQTYQIRTAPTSTIAPGVVMA...SSPALPTQPAEEAARKREVRLMKNREAARECRRKKKEYVKC   309 
DEETDLAPSHMAAATGDMPTYQIR.APTTALPQGVVMAASPGSLHSPQQLAEEATRKRELRLMKNREAAKECRRRKKRYVKC   309 
NEETDLAPSHMAAATGDMPTYQIR.APTTALPQGVVMAASPGSLHSPQQLAEEATRKRELRLMKNREAAKECRRRKKRYVKC   197 
LENLVAVLENQNKALIEELKSLKDLYCSKGD*  248 
LENRVAVLENQNKTLIEELKALKDLYCHKSD*  327
LENRVAVLENQNKTLIEELKALKDLYCHKSD*  341
LESRVAVLEVQNKKLIEELETLKDICSPQTD*  341
LESRVAVLEVQNKKLIEELKALKDLYCHKAE*  229
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Figure 7 : Evolutionary conservation of the CREB transcription factor family. Amino-acid sequence similarity
between putative hydra CREB proteins and their vertebrate CREB and CREM counterparts. The predicted 248
amino-acid sequence of CREBα from Chlorohydra viridissima (cv.) is aligned with CREBβ (199 aa long) and
CREBα (partial) from Hydra vulgaris (hv.), CREB∆ from human (Hoeffler, 1988 38), CREBα from rat
(Gonzalez, 1989 148), CREMβ and CREMτ (Foulkes, 1992 149) from mouse. Grey shaded regions show
identities or conservative changes between hydra and vertebrate sequences; points represent gaps introduced in
the sequences to optimize the alignment. Boxes contain highly conserved regions that contain the target
phosphorylation sites (KID), the DNA-binding region (basic region) and the dimerization domain (leucine
zipper). The inverted triangle under the basic region indicates the position of the conserved splice site
(according to Galliot et.al., 1995).  on the cAMP regulation as a response to hormonal stimulus (reviewed in (Shaywitz, 1999). 
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Glucagon or Epinephrine exposure lead to an increase in the intracellular cAMP levels, that in 
turn can enhance the transcription of the somatostatin and other neuropeptides gene 
(Montminy, 1986; Goodman, 1990). Systematic deletion analysis of the promoter region of 
the somatostatin gene revealed the functional role of the cAMP response element (CRE) in 
the  
elicited response. This is an 8 bp palindromic sequence 5`-TGACGTCA-3` that is critical for 
cAMP inducibility.  
Using CRE affinity chromatography, the CREB protein was isolated as the main CRE-
binding protein among PC12 whole cell extracts, migrating as a 43-kDa protein (Montminy, 
1987). The human CREB gene encoding a 327-residue protein was isolated (Hoeffler, 1988) 
and soon after the rat gene, coding for a 341-residue protein (Gonzalez, 1989). Since then, the 
CREB gene was cloned from evolutionarily distant species as Aplysia, Drosophila and Hydra 
(Figure 7). DNA-binding is mediated by a basic domain, a lysine and arginine rich stretch of 
aminoacids. In addition, CREB binds to its target sequence as a dimer (Habener, 1990). 
Dimerization occurs through an evolutionarily- conserved structural motif located at the C-
terminus of the protein, the heptad repeat of leucine residues, named the leucine zipper, just 
carboxy-terminal to the basic domain. The presence of these two domains places CREB 
within the family of bZIP transcription factors. The mouse and human genes are composed of 
11 exons that encode several isoforms, resulting mainly by the alternative splicing of the 5 
first exons of the gene (Hoeffler, 1990; Ruppert, 1992). Functional studies of these isoforms 
have revealed that according to the domains they encode, they act as either activators or 
repressors of transcription (Foulkes, 1992).  
9. The CREB pathway 
The CREB transcriptional activity is regulated by several phosphorylation events, among 
which the phosphorylation of the Ser 133 residue that is located within the kinase inducible 
domain (KID) (Gonzalez, 1989). KID is loaded with multiple phosphorylation target sites  
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for different kinases, such as 
calmodulin kinase, protein kinase C 
(PKC) and protein kinase A (PKA) 
that are modulated by a diverse 
array of extra-cellular signals such 
as hormones, growth factors and 
neurotransmitters (Shaywitz, 1999). 
Increases in the intracellular levels 
of cAMP (Sassone-Corsi, 1998) and 
calcium (Hardingham, 1998) 
modulate the CREB activity. 
As a result of dublication events 
CREB gene family has several 
members in vertebrates. 
Thus in addition to CREB, CREM 
(cAMP response element 
modulatory) and ATF1 (activating tra
CREM sequence in Figure 7) that bin
activities also depend on serine phosph
At the biological level, the regulation b
a variety of cellular processes, includin
CREB family members are believed to
and contribute to neuronal adaptation t
important for hormonal control o
neoglucogenesis by glucagon and insul
involved in the establishment of th
Ultrabithorax (Rose, 1997; Eresh, 199
development for the establishment of 
and the absence of CREB leads to dw
1998 ; Struthers, 1991). In Xenopus, t
stages leads to severe posterior defec
whereas the inhibition of CREB at the
with microcephaly (Lutz, 1999). 
 Figure 8: Post-transcriptional regulation of the mouse CREB gene.
The mouse CREB gene undergoes several splicing events (Ruppert,
1992 37) that produce isoforms with distinct transactivation
potentials. The position of the intron located between exons 10 and
11 is identical in the Hydra CREB gene.  nscription factor) are CREB-related bZIP factors (see 
d to the very same motif and whose transcriptional 
orylation induced by various extracellular signals.  
rought by the CREB transcription factor is critical for 
g proliferation, differentiation and adaptive responses. 
 be important for learning and memory (Silva, 1998) 
o drugs of abuse (Blendy, 1998). CREB activity is also 
f metabolic processes, including regulation of 
in. During development, the Drosophila CREB gene is 
e dorsal ventral polarity by regulating genes like 
7; Andrew, 1997). In mice CREB is required during 
a normal repertoire of T-cell lineages (Barton, 1996) 
arfism and cardiac myopathy in the adult (Fentzke, 
he inhibition of CREB at blastula and early gastrula 
ts of the embryos reflected by strong spina bifida, 
 beginning of neurulation resulted in stunted embryos 
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10. The CREB 
pathway in 
Hydra 
Since many years, 
it was known that 
treating Hydra 
with cAMP could 
affect regeneration 
(Wolpert, 1974). In 
addition, it was 
shown that cAMP 
treatment could 
mimic the affect of 
HA during nerve 
cell differentiation 
(Holstein, 1986; 
Fenger, 1994). By testing the DNA-binding activity of Hv nuclear extracts (NE) prepared at 
various times during regeneration onto the CRE, a significant modulation of the DNA-binding 
activity was observed early during regeneration (Galliot, 1995). This band-shift analysis was 
also performed using a species that is deficient for foot regeneration, Hydra oligactis, and no 
modulation of DNA-binding activity was observed in the absence of regeneration (Figure 9). 
Therefore these modulations were likely not linked to the wound healing response but rather 
specifically induced at the time regeneration is initiated. In addition, slight differences in the 
CRE-binding complexes were observed according to the species. These results suggested that 
the putative hydra CREB transcription factor was implicated in the regulation of regeneration 
in Hydra. Thus Gallliot et al. (1995) screened Hv and Cv cDNA libraries with a guessmer 
oligonucleotide corresponding to the conserved basic region and identified in these two 
species a single CREB gene where both the bZIP and the KID domains were highly conserved 
(Figure 7).  
Figure 9 : Regeneration-specific modulation of CRE DNA-binding activity. a)
Hydra vulgaris nuclear extracts (NE) prepared 4 and 28 hours after cutting. This
species regenerate both, apex and basal disk. b) Hydra oligactis NE prepared 2, 4
and 24 hours after cutting. This species is slower for apical regeneration and is
deficient for basal regeneration (less than 5% of the animals will regenerate a basal
disk). C1, C2: uncut controls.  
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I.2.2. The Hedgehog (Hh) signaling pathway in the evolution 
Hedgehog (Hh) genes encode a family of signaling molecules involved in a variety of 
developmental processes in both vertebrates and invertebrates (Hammerschmidt, 1997). In 
Drosophila, Hh patterns the body segments, the wing, leg, eye imaginal discs and regions of 
the fly brain, either directly, either through the recruitment of other signaling molecules such 
as decapetaplegic (Dpp), and Wingless (Wg) (Figure 10). In contrast to the single Hh family 
member in the fly, there are three Hedgehog members in mammals: Sonic Hedgehog (Shh), 
Indian Hedgehog (Ihh), Desert Hedgehog (Dhh), this latter one likely representing the  
most ancestral Hh gene in vertebrates (Kumar, 1996; Zardoya, 1996).  Zone of
Polarizing 
Activity
HH
BMP2 Apical
Ectodermal 
Ridge
Anterior
Posterior
Proximal Distal
FGF4
c              LIMB BU D
WG HH and E N
Segment  boundary
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b            LEG DIS C
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DPP
WG
HH
BMP4
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d                LUNG MORPHOGENESI S
Distal
Proximal
Segment  boundary
Anterior Posterior
Anterior Posterior
a       ABDOMINAL SEGMEN T
Figure 10 : Some examples of the Hedgehog developmental functions in bilaterians. In Drosophila (a,b)
Hedgehog (HH) activates the Wingless (WG) pathway at the anteroposterior boundary of the abdominal
segments (a) and the developing imaginal discs (b). In vertebrates (c,d), HH participates in the determination
of the antero-posterior axis of the developing limb bud (c) and the budding process during mouse lung
morphogenesis (d). 
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In vertebrates, Shh activity at the midline of the gastrulating embryo, patterns the overlying 
ventral neural tube and adjacent ventral somites, and participates in the development of left-
right asymmetry. In addition, Shh has a polarizing activity in the limb and regulates 
morphogenesis of a variety of organs, including the eye, hair, and lungs. Dhh and Ihh play 
more restricted roles: Dhh acts in the regulation of spermatogenesis and organization of the 
perineurium (nesting peripheral nerves); Ihh acts for the coordination of the proliferation and 
the maturation of the chondrocytes during development of the endochondral skeleton (St-
Jacques, 1999). Hh, as well as Wnts and BMPs signals act as a morphogen to induce distinct 
cell fates at specific concentration thresholds and appear to have both short and long-range 
activities (Christian, 2000). To date, the only transcription factors shown to be directly 
downstream of Hh are the zinc-finger containing proteins Cubitus interruptus (Ci) and Gli, in 
flies and vertebrates respectively (Matise, 1999). The interest in this pathway has taken on 
added importance with the identification of mutations in Hh pathway genes, including Gli 
genes, in several human developmental disorders and cancers.  
 QuickTime™ and a
GIF decompressor
are needed to see this picture.
Figure 11 : The Hedgehog signaling transduction pathway. (scheme after  McMahon, 2000) 
 - 37 - 
I.3.  Aims of this study 
For this study we addressed and tried to answer the following questions:  
Which could be the earliest modulations detected at the molecular level that could be 
identified during regeneration and budding? 
What could be the extracellular modulator(s) of these early responses? 
How similar are these molecular mechanisms between budding and regeneration? 
How is patterning established along the Hydra body column at the molecular level? 
Can the data we observed at the molecular level be reconciled with the proposed extracellular 
gradients that would support Hydra pattern formation?  
Recent data lend some support to the putative role of the CREB pathway during regeneration 
(Galliot, 1995; Galliot, 1997). Thus we decided to study in more details CREB regulation at 
the transcriptional and post-translational level. 
The evolutionary conservation of the Hh gene between arthropods and vertebrates implies 
that this gene was present in their common ancestor, thereby suggesting that the 
corresponding signaling pathway may have an old phylogenetic history. In addition, Hydra 
polyps are well known for both their capacity to regenerate and the presence of specific 
morphogenetic activities. For these reasons, we looked for a potential Hh gene in the Hydra 
genome and the conserved transcription factor Gli/Ci, which mediates Hh signaling in both 
vertebrates and arthropods. In the course of these clonings, we isolated by chance a Kazal-
repeat containing gene (Iolaos) that displays similarities with the Agrin/Follistatin-related 
genes. Having in hands these genes, we have investigated their developmental regulation at 
the gene expression level in the adult polyp, during budding and regeneration. 
In order to address these questions we carried out advanced biochemical and molecular 
biology techniques: RT-PCR, Southerns, in-situ whole mount hybridization, whole mount 
immunodetection, in-vitro production of proteins, Westerns, in-gel kinase assays, solid kinase 
assays.  
 - 38 - 
II. EXPERIMENTAL PROCEDURES 
11. Culture of animals and regeneration experiments 
Standard cultures and regeneration experiments were performed as described in appendix 
I.We culture in the laboratory the Chlorohydra viridissima wild type (Cv wt) species since 
1996. These polyps were obtained from a teacher, Mr Nicolet, who collected them in a pond 
located in the Canton of Geneva. To analyses the influence of the light cycle onto the budding 
rate, 120 Hydra magnipapillata (Hm) adult buds were mechanically detached from their 
parents and dispatched in two boxes filled with 1 liter of hydra medium. These two boxes 
were kept in an incubator providing a permanent light with two lamps at stable temperature 
(19-20° C). One of the two boxes was enclosed in a light-safe container within the incubator. 
These cultures were kept under these conditions for 2 months per experiment and the animals 
were fed every 2nd day and counted once every 2nd week. To analyse the influence of the light 
cycle onto the regeneration rate, 200 mechanically detached adult buds were kept in an 
incubator at 19-20C either under continuous light or under continuous dark for 2 weeks. 
Then, the budless polyps that were cut at mid-gastric position, regenerated either under total 
dark or under continuous light exposure at 17°C. The appearance and number of tentacle buds 
on the stumps was recorded after 56 hours.  
12. Grafting and in vivo labeling 
For the grafting experiments, the Holland strain of Hydra vulgaris, kindly provided by Prof. 
Dick Campbell (Irvine, USA) was chosen for its large polyp size. Dissecting and grafting 
were performed with a simple lancet on animals starved for at least one day. The 
manipulations of the grafts had to be very fast, otherwise they were rejected by the host. 
Hydra cells either from the graft or from the host were labelled by injecting 20 hours prior 
manipulation fluorescent beads (Polysciences Inc. ref: 17154) into the gastric cavity 
(Technau, 1992).  
13. Whole-mount RNA in-situ hybridization:  
The in-situ hybridization procedure was performed as in (Gauchat, 1998; Grens, 1996) except 
that the RIPA treatment was replaced by a 2 µg/ml proteinase K (PK) treatment for 10 
minutes at RT for the detection of the Iolaos transcripts and the Hedgehog transcripts on the 
grafted animals. A heating step at 80°C for 20 minutes, was added after the PK treatment in 
every other case (see the description of the riboprobes in Table2).  
 - 39 - 
GENE NAMES templates linearized 
at: 
RNA 
polymerase 
probe size target species 
CREB Cv-CREB 54    
(pBS-EcoRI) 
NsiI T3 490 pb Cv 
CREB Hv-CREB 13-3 
(pBS-EcoRI) 
SacI T7 342 bp Hv 
Hedgehog (Hh) ZHhh-180 clone 8 
(pCR-script SK+) 
PstI T3 180 bp Hv, Hm 
Gli Gli Hv-240 
(pCRScript) 
SacII T7 240 bp Hv 
Iolaos Iolaos-500 
(pCRII-Topo) 
NotI SP6 >490 bp Hv 
Table 2 : Description of the riboprobes used for the whole mount in situ hybridizations reported in this work .  
14. Histology 
Animals submitted to whole-mount mRNA in-situ hybridization, were selected after 
digoxigenin detection and processed for sectioning and further microscopic analysis of the 
CREB expressing cells as described in (Mokady, 1998). After fixation in 3.7% formaldehyde 
and complete dehydration through graded alcohols to 100% alcohol, animals were infiltrated 
for at least 4 hours up to ON with the JB-4 resin with 3 changes of the solution (JB-4 
Embedding Kit -Polysciences, Inc-) according to the supplier instructions. 5 µm sections were 
performed using a Leica 2045 microtome equiped with carbon tungstene blades, transferred 
onto a glass slide, mounted with 90% glycerol and pictured on an Axiophot microscope under 
Nomarsky conditions.  
15. Whole-mount immunodetection: 
The rabbit polyclonal antiCREB antiserum N° 81524, 4th boost was used at a 1/1500 dilution 
(Galliot, 1995). Detection of the CREB expressing cells was performed as in Gauchat et.al 
1998.  
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16. Cloning procedures 
The cloning of the Hv-Gli, Hv-Iolaos genes and the Hv-CREBδ isoform was performed on 
cDNA templates that were prepared as follows:100 Hydra vulgaris either total (Gli, Iolaos) or 
head-regenerating (one hour after mid-gastric bisection, Hv CREBγ isoform) were 
homogenized in a 500 µl downcer in the extraction buffer provided with the mRNA isolation 
kit (Pharmacia). mRNA was prepared according to the instructions of the supplier and eluted 
in 20 µl Millipore water. 5 µl were used to produce the cDNA with the Superscript II reverse 
RNA polymerase (Gibco-BRL). For the final PCRs, 1/40-1/20 of the single strand cDNA 
provided the template of a 25 µl reaction.  
Hv CREBδ isoform cloning : Based on the genomic structure of the CREB gene (Galliot, 
1995), two primers, CREB-564 and CREB-downfish, located in two different exons were 
designed and used on cDNA prepared from head-regenerating Hv mRNA for PCR. PCR 
products were electrophoresed on a 2% agarose gel and the CREBδ isoform (336 bp) was 
isolated from the gel and cloned into the pCR-Script SK(+) vector (Stratagene). Hedgehog 
cloning was performed by the use of PCR on 800 ng Hv genomic DNA using two primers, 
HH-VMN-for and HH-EAG-rev, 32x and 128x degenerated respectively (sequences kindly 
indicated by Juan-Carlos Izpisua-Belmonte, see Table 3). The annealing temperatures varied 
between 42°C and 45°C. The profile was as follows: 3 min 94°C, 15 sec 94°C / 40 sec 42°C-
45°C / 40 sec 72°C for 30 cycles, 5 min 72°C. The expected product size was around 200 bp. 
The part of the gel corresponding to the expected size was isolated and directly used as a 
template for a reamplification PCR with the same pair of primers. The product was 
electrophoresed once more, and a 180 bp band was eluted with the help of the Jetquick Gel 
Extraction Kit (Chemie Brunschwig). The eluted product was cloned as above and the 
sequences were analysed with the help of the BLAST program. The Hv Gli cloning was 
performed as following: two Gli primers (Gli-for2 and Gli-rev2, 32x and 128x degenerated 
respectively) corresponding to highly conserved regions of the Gli/Ci transcription factor 
family were used for a gradient PCR (profile: 3 min 94°C, 15 sec 94°C / 40 sec 49°C-60°C / 
40 sec 72°C for 30 cycles, 5 min 72°C) that provided a 240 bp clean band at the expected 
size. This band was isolated from an agarose gel, cloned into the pCRII-TOPO vector 
(Invitrogen), sequenced and anlysed with the BLAST program. Hv Iolaos cloning: Two Gli 
primers (Gli-for1 and Gli-rev1, 144x and 64x degenerated respectively) corresponding to 
highly conserved regions of the Gli/Ci transcription factor family were used for a gradient 
PCR (profile as above) that provided a 500 bp clean band at the expected size. This band was 
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isolated from an agarose gel, cloned into the pCRII-TOPO vector (Invitrogen), sequenced and 
analysed with the BLAST program.  
 
Primer Name bp %GC Tm Species DNA Sequence Protein Sequence 
CREB isoforms : 
CREB-hv564 22 59.1 53.4 Hv tgcgagttgatggggcgatgct ASPHQLAE 
CREB-iso-screen 18 55.56 45.2 Hv tgtcaggtccttgtgctg AQGPDN 
Hh cloning 
HH-VMN-for 17 41.2 37.1 cons. gtnatgaaycantggcc VMNQ/H WP  
HH-EAG-rev 18 44.4 40.6 cons. ccartcraanccngcytc EAGFDW 
HH: ZhHH-for 19 52.6 45.9 Hv gttacagaaggatgggacg VTEGWD 
HH: ZhHH-rev 19 52.6 46 Hv cttggatctgtccctgtct DRDRSK 
Gli cloning 
Gli-for2 17 41.2 37.1 cons. caYacWggWgaRaaRcc HTGEKP 
Gli-rev2 20 20 34.4 cons. ggatcWgtRtaWcKYttWgtRca CTKRYTD/HP 
Iolaos cloning 
Gli-for1 20 30 38.5 cons. caagadcarytwgthcayca QE/DQLVHH  
Gli-rev1 20 25 36.4 cons. tgwacwgtyttwacrtgytt KHVKTVH 
Actin control (RT-PCR) 
Act-4HF 24 50 58 Hv aaggattcctacgtcggtgacgaa KDSYVGDE 
Act-4HR 24 45 54 cons. ggataccahctgattccataccaa GMESAGIH 
Table 3 : Description of the oligonucleotides that were used for the cloning and the RT-PCR analysis of 
the different Hydra vulgaris (Hv) genes described in this work. N=A+c+T+g, R=A+g, Y=c+T, M=A+c, K=T+g, 
S=c+g, W=A+T, H=A+T+c, B=T+c+G, D=A+T+g, V=A+c+g.  
 
17. Freeze and cut experiment:              (see appendix I) 
18. Whole cell extracts (WCE):              (see appendix I) 
19. Purification of CREB-binding proteins:   (see appendix I) 
20. In gel kinase assay (GKA):              (see appendix I) 
21. Solid phase kinase assay (SPKA):        (see appendix I) 
22. Phosphatase assay:                        (see appendix I) 
23. Western analysis and antibodies:        (see appendix I) 
24. Immunoprecipitation (IP):              (see appendix I) 
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III. RESULTS 
III.1.  CREB Regulation in Hydra 
III.1.1. Early temporo-spatial regulation of a CREB-binding kinase during hydra 
regeneration 
As post-translational regulation is critical for the modulation of the CREB transcriptional 
activity. We have analysed among CREB-binding proteins the kinase activities that show 
some regulation during early regeneration, at the time organizer activity is establishing in the 
stump. One of them, a p80 kinase identified as a cPKC isoform, showed, as early as 20 
minutes after amputation, an enhanced activity in the head-regenerating stump but a repressed 
one in the foot-regenerating stump. However, this regulation was not observed in the 
regeneration-deficient reg-16 mutant. In addition, when regeneration was slowed down by the 
presence of high levels of endogenous factors released upon bisection, this regulation of the 
p80 kinase was found inverted. This immediate but differential regulation of the p80 kinase 
implies that the head- and foot-regenerating stumps sense and respond differently to the 
released factors at the time they establish their organizer activity. These results are presented 
and discussed in Appendix I (Kaloulis et al., submitted manuscript).  
III.1.2. Temporo-spatial regulation of CREB expression 
25. CREB expression in the adult polyp 
In the adult polyp, CREB is predominantly expressed in the head region, with an expression 
restricted to the endodermal layer of the hypostome (Figure 12). In the hypostome, the 
endoderm is folded into wedges that protrude into the gastric cavity. Correspondingly, the 
gastric cavity is reduced to a canal with branches that separate neighboring wedges or 
protrusions. The endodermal cells located in the hypostome are of two types, either 
endodermal epithelial cells or mucous cells that derive from the interstitial lineage (Bode, 
1996). The epithelial cells occupy the whole depth of the endoderm, extending from the base 
of the tissue layer, next to the basement membrane, to the edge of the tissue layer facing the 
gastric cavity. The mucous cells are located among the epithelial cells on the outer edge of 
each protrusion facing the gastric cavity. According to the microscopic sections, CREB is 
expressed within the epithelial cells that constitute the endodermal wedges of the hypostome 
(Figure 12c). This expression pattern suggests some function for CREB in the maintenance of 
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the hypostome region. Beside this apical expression, we could detect in some cases a weak 
expression in the peduncle zone (Figure 12a).  
26. CREB expression during budding 
During budding, the CREB transcripts were detected as early as stage 2 in few ectodermal 
cells of the emerging bud (Figure 12d). In few budless animals, we could detect a bud spot 
(not shown), implying that CREB expression is actually initiated before stage 2. At 
subsequent stages, the expression was detected mainly in the endodermal cells of the growing 
bud (Figure 12e, f).  
Figure12: CREB gene expression in the adult polyp and during budding. CREB is expressed: a) at the apical and
basal structures of the young budless polyps, a, b, e and f) the expression was detected in endormal cells of the
hypostome, b and c) the gene is expressed very early during budding at the ectodermal tip of the emerging bud
(stage 2) and later (d, e and f) in the endoderm of the (stages 4 and 6) buds. 
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Thus during budding, CREB shows two distinct and subsequent waves of expresion, first and 
transiently in few ectodermal cells of the emerging bud and later in endodermal cells of the 
developing bud.  
 
27. CREB expression during regeneration 
In Hydra vulgaris, CREB expression was detected at the regenerating apical and basal stumps, 
already within the first hour following mid-gastric section, mostly in the ectodermal layer 
(Figure 13a). At 4 hours, CREB expressing cells were found exclusively in the endoderm of 
head- and foot-regenerating stumps, displaying a graded distribution at least in the head-Figure13: CREB expression during head and foot regeneration in Hv. CREB transcripts were detected in apical
and basal stumps already at the 1st hour after mid-gastric section (a), in endodermal cells (arrowheads) of the
apical and basal stumps at the 4th hour of regeneration (b) and, in both ectodermal (arrows) and endodermal at the
8th and probably the 16th hour. At subsequent stages (d, e f), the gene was mostly expressed in the endodermal
cells of the basal stumps. Lower panel : dissected polyps along the apicao-basal axis ; the apex is oriented
upwards.  regenerating stump. Later on, from 8 until at least 16 hours post-amputation, the CREB 
transcripts were localized in both ectoderm and endoderm (Figure 13c,d). This transient 
ectodermal expression at least in the head-regenerating stump, shows a sharp boundary of its 
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domain that remains stricty limited to the stump region. At 24 hours, the stump-specific 
ectodermal expression is not detected any longer while a weak endodermal expression is still 
present (Figure 13e). At 36 hours, the endodermal expression is clearly enhanced in head-
regenerating stumps, few hours before the first tentacle rudiments are detected (Figure 13f). 
Finally, at 48 hours, the expression pattern is very similar to that observed in the adult polyps 
(Figure 13g). During the course of foot regeneration (the apical half), the adult head 
expression pattern did not show any significant modulation. CREB can be considered as: 1) an 
immediate gene (turned on during the wound healing phase), an early endodermal gene (at the 
time, head-organizer activity is establishing in the stump)  
2) an early/late ecto/endodermal gene (between 8 and 20 hours post-amputation)  
3) a late endodermal gene (at the time head morphogenesis terminates).  
In order to complete this analysis, we analysed the regulation of the CREB protein by 
carrying out whole-mount immunodetections on total, budding and regenerating hydra. The 
protein was present from the early, until the late stages of budding mainly at the presumptive 
apical structures (Figure 14a). During regeneration, the protein was expressed as soon as one 
hour postcutting in the head-regenerating stump but at a lower level in the foot-regenerating 
stump while CREB was present in the head region of this half (Figure 14b). Later, at 8 hours, 
CREB was localized at both regenerating ends, plus at the head region of the upper half 
(Figure 14b). These observations are in agreement with the observed localization of the CREB 
transcripts and suggest that CREB regulation is involved in the molecular processes that 
underly regeneration and budding. 
The whole mount immuno detection was completed with a Western analysis of the CREB 
expression during regeneration (Figure 14c). This analysis showed that the CREB protein 
level, when compared to that detected in the intact control animals, was up-regulated during 
the first 20 minutes of apical regeneration, and for both, apical and basal regeneration within 
the first hour following bisection. Later on the level of CREB protein decreased drastically 
during basal regeneration, reaching the levels of intact animals, but remained maximal during 
apical regeneration, at least during the first 9 hours of regeneration. The whole mount 
immunodetection indicated similar results concerning the up-regulation of CREB protein 
levels during the first hour of regeneration.  
However, several hours after bisection, we did not scored this dramatic  
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Figure 14: CREB protein expression during budding (a-d) and regeneration (e-f). Whole-mount 
immunodetection of CREB showed the protein within the apical structures (arrowheads) of the bud at stages 4, 
6, 8 and 10 (a-d). CREB protein up-regulation was noted in the stumps (arrows) of Hv regenerating animals 
during the 1st (e,f) and the 8th (g,h) hour after cutting. I) Western analysis detecting the CREB protein in Hv 
regenerating WCE. 
decrease of CREB protein levels in the foot-regenerating stumps. One explanation might be 
the different affinity of the antihydra CREB antiserum towards the phosphorylated and the 
unphophorylated forms of the CREB protein in denatured conditions. In denatured conditions 
(Western analysis), the antihydra CREB antiserum might show a higher affinity for the 
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phosphorylated than for the unphosphorylated form of CREB protein. Two additional 
arguments support this possible explanation: firstly, phosphatase treatment of WCE leads to a 
decrease in the CREB protein level detected in Western analysis (see Appendix I, Figure 1B, 
lanes 3-5). Secondly, in vitro kinase assays peformed with extracts prepared from 
regenerating animals showed a higher level of phosphoCREB protein during apical than basal 
regeneration (Appendix I, Figure 3). These results suggest that the CREB gene is regulated at 
the transcriptional / post-transcriptional levels immediately after amputation in a similar way 
in head- and foot-regnerating stumps. In contrast post-translational events like 
phosphorylation, might be dramatically different during apical regenerating where 
phosphoCREB level is maintained high, and basal regeneration where low levels of 
phosphoCREB were recorded.  
CREB Expression in the Chlorohydra viridissima multiheaded mutant  
The Cv multiheaded mutant (Cv mh) has the ability to generate multiple heads along its body 
axis, due to its deficiency to differentiate basal structures. During regeneration, heads and 
only heads will form at amputated sites. Thus in order to look at the potential correlation 
between the level of CREB gene expression and the ability to form apical structures, we 
decided to analyse the CREB expression in this mutant. In-situ hybridization experiments 
showed that CREB is expressed in apically-differentiated structures but also in regions along 
the body column that might be considered as presumptive head-forming regions (Figure 15a).  
Figure 15: CREB expression in the Cv mh polyp. a) CREB transcripts were detected at the apical structures and in
the “budding” regions of the adult polyp (arrow). b-d) CREB expression in regenerating stumps at the 4th, 8th and
36th hour of regeneration respectively. 
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In order to analyse CREB expression during regeneration process, every apical structure 
branching on the body column was excised at the level of the body column. One hour after 
excision, CREB expression was detected at every excised site (Figure 15b). After 8 hours, the 
CREB transcripts were found in both cell layers of the regenerating stumps (Figure 15c). At 
the 36th hour, the expression was restricted to the head-forming regions (Figure 15d). Thus 
the CREB expression patterns were found very similar in Hv and Cv mh: endodermal 
expression in the adult hypostome, immediate up-regulation after wounding, transient 
ectodermal expression at early stages of budding and regeneration. These observations 
strengthen the putative role of CREB in apical morphogenesis and maintenance of apical 
differentiation.  
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III.1.3. Regeneration-specific CREB isoforms 
As already reported, the vertebrate CREB gene undergoes several alternative splicing events 
that generate different isoforms (Figure 8) with distinct transcriptional activities. In Hydra, 
two different CREB isoforms, CREBα and CREBβ, were isolated during the Hv cDNA 
library screening (Figure 7). In order to investigate the possible occurrence of a post-
transcriptional regulation of CREB during Hydra morphogenetic processes, we performed 
comparative qualitative and quantitative RT-PCR analyses of the CREB transcripts during Hv 
and Ho regeneration, one hour after bisection, and in Cv wt and Cv mh intact animals (Figure 
16 a-d). Compared to Hv, Ho animals are deficient for foot regeneration while Cv mh animals 
constitutively produce multiple heads along the body column when compared to Cv wt. This 
analysis that used the CREB-564 and CREB-downfish pair of primers (Figure 16 e,f), showed 
first that a third isoform, CREBδ, is formed very early during both head and foot regeneration 
in Hv (Figure 16a). The cloning and further analysis of this isoform showed that it was 
produced by an alternative splicing, that leads to premature termination upstream to the DNA-
binding domain. Thus the CREBδ isoform encodes a potentially non functional CREB that, in 
addition, lacks a myristilation motif present in CREBα and CREBβ (ProSite search, 
http://www.expasy.ch/cgi-bin/nicedoc.pl?PDOC00008). Moreover, when another set of primers, 
CREB-downfish / CREB-iso, was used, two bands were obtained (Figure 16b). The CREB-
iso primer is specific to the mini exon present in CREBα (Figure 16 e) that corresponds to the 
400 bp band. Thus the 460 bp band indicates the presence of an additional exon (we named 
CREBδ) that was not detected by the first set of primers. In Ho, the CREB-564 and CREB-
downfish pair of primers detected three isoforms in intact animals (700, 540, 480 bp), two 
(540, 480 bp) in foot-regenerating halves and a unique major transcript (540 bp) in head-
regenerating halves (Figure 16c). In Cv, two main transcripts (540, 480 bp) were detected, the 
second corresponding to the characterized CREBα isoform. In Cv wt the 540 bp transcript is 
predominant, while in Cv mh both the 540 and the 480 bp transcript are equally expressed 
(Figure 16d). This RT-PCR analysis used a pair of actin primers as control of template 
amount and was repeated in 2 independent experiments that provided similar results.  
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a
Chloroh. viridissima
(intact) 
mh       wt
H.oligactis regeneration
upper  lower  intact
half       half                M
H.vulgaris regeneration
upper    lower   intact
half        half
H.vulgaris regeneration
upper  lower  intact
half      half             M
(γ)  540 -  α 480 -
α 480 -β 426 -δ 336 -
700 -(γ)  540 -(α)  480 -γ  460 -α 400 -
b c d
  e 
KID
BASIC REGION
LEUCINE ZIPPER
         1.......10........20........30........40........50........60........70 
                                    downfish                       
Cv CREBα MELARHSFQQPLNVAPSLSNVVNKTSVVLQQQSVIQPNQHQLQHQLQTMHDGGIDGKRREILARRPSYRR 
Hv CREBα                           VVLQQQSviqsnqhqlqhqlqnmhdggiegkrreilarrpsyrr
Hv CREBβ MELARHSFQQPLNVAPSLSN VNKTSVVLQQQSVIQSNQHQLQHQLQNMHDGGIEGKRREILARRPSYRR 
Hv CREBδ                           VVLQQQSVIQSNQHQLQHQLQNMHDGGIEGKRREILARRPSYRR
Cv CREBα ILDDLAGDGPVKMENYDDTGSSGESSPNGNNEEDINGINQSVSHQEKQ YQSIHLNGIVSSVQGGENSLN 
Hv CREBα ilddlagdgpvkmenyddtgssgesspngnneedinginpnsihqekq yqnihlngivssvqggensmn
Hv CREBβ ILDDLAGDGPVKMENYDDTGSSGESSPNGNNEEDINGINPNSIHQEKT YQNIHLNGIVSSVQGGENSMN
Hv CREBδ ILDDLAGDGPVKMENYDDTGSSGESSPNGNNEEDINGINPNSIHQEKQ
Cv CREBα QLHDSH PGDNQYIITTQGPDNKIQ AYT IKGTLPIGLDNTSLASPHQLAEEATRKRELRLYKNR EAA
Hv CREBα QLHDSQ PGDNQYIITAQGPDNKIQ AYT IKGTLPMGLDNTSLASPHQLAEEATRKRELRLYKNR EAA
Hv CREBβ QLHDSQ                    AYT IKGTLPMGLDNTSLASPHQLAEEATRKRELRLYKNR EAA 
Hv CREBδ                               *                                  
                         isoscreen                   CREB-564 
Cv CREBα RECRRKKKEYVKCLENLVAVLENQNKALIEELKSLKDLYCSKGD*  249 
Hv CREBα RE 
Hv CREBβ RECRRKKTHTETF*                                 199 
 
Cv CREBα
Hv CREBα
Hv CREBβ
Hv CREBδ
Hv CREBγ
downfish iso              564
f
TAG
TAA
TAA
BR LZKID
ATG
?
 
Figure 16 : Alternative splicing of the Hydra CREB gene. a-d) RT-PCR analysis performed on cDNAs prepared
from different Hydra species, intact or one hour after mid-gastric section, and using either the downfish /564 (a-c) or
the downfish /iso (d) pairs of primers. e) Deduced protein sequence of the different CREB isoforms. The position of
the Hv primers is underlined and their names is writen in italic. Triangles indicate exon boundaries in Hv, inverted
triangles indicate position of sequenced introns in Cv. f) Maps of the Cv, Hv-CREBα, Hv-CREBβ, Hv-CREBδ and
Hv-CREBγ isoforms that correspond to the RT-PCR depicted in a-c. Genomic DNA sequence is available only from
Cv, the sequence of the Hv-CREBγ isoform is not known yet. See DNA sequences in Appendix II.  
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These data show that the Hydra CREB gene is submitted to alternative splicing, possibly in 
correlation with morphogenetic processes. In fact at least one transcript, Hv CREBδ is 
specifically produced immediately after amputation, while in regenerating Ho and in Cv mh, 
significant quantitative modulations are observed.  
III.1.3. CREB Gene Expression and Light Exposure 
Modulation in CREB isoforms during the light cycle 
It was reported that the post-translational modification of CREB via phosphorylation is in 
some cases under the control of the light circadian rhythm (Ginty, 1993). In addition, the 
expression of one member of the CREB family, the ICER gene, which is produced by the use 
of an alternative promoter of the CREM gene, is under the control of a circadian light cycle 
(Foulkes, 1996). Thus several studies implicate light in the regulation of CREB family 
members at both transcriptional and post-translational levels.  
Based on these observations, we analysed the regulation of CREB expression in a Hydra  
light off_ _ light on
3 hrs 9 hrs
15 hrs21 hrs
        H.magnipapillata   (intact)
21 hrs    3 hrs     9 hrs    15 hrs      M
Hm (intact)
budless    budding
390 -
350 -
390 -
350 -
actin -
a b
 
Figure 17 : Light- and budding-induced modulations of the CREB isoforms. a) RT-PCR
analysis of the Hm CREB transcript abundancy at 4 different time points of the day in a culture
maintained under a 12 hours circadian light cycle. b) RT-PCR analysis of the Hm CREB
transcript abundancy in budless and budding polyps. 
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magnipapillata (Hm) culture that was maintained under a strict light circadian cycle for at 
least two months (Figure 17). Hm polyps taken at different time points to prepare mRNA and, 
after reverse transcription, we carried out PCRs that used the CREB-564 and CREB-downfish 
pair of primers. Two PCR products were obtained, about 350 bp and 390 bp long. The 
quantitative analysis of these PCR products indicated that the abundancy of the 350 bp 
isoform transcripts was significantly increased upon dark, three hours after switching off the 
lights and reaching its maximum level after nine hours. In contrast, the abundancy of this 
isoform was decreased by light exposure, already 3 hours after switching on the lights and 
reaching its minimal level after nine hours (Figure 17a). Finally, the 390 bp isoform 
transcripts showed steady low levels at all time points of this experiment. Thus these results 
provide some preliminary evidence for a possible regulation of the Hydra CREB gene at the 
transcriptional or posttranscriptional level by the circadian light cycle. In a complementary 
experiment, we compared 9 hours after switching on the lights, the relative abundancy of the 
Hm CREB isoforms in the budding and budless populations. We observed an overexpression 
of the 350 bp isoform in budding animals when compared to budless animals (Figure 17b). 
Therefore, the modulations in CREB splicing events observed under light/dark alternance 
might be related to variations in morphogenetic potentials. This 350 bp is not characterized 
yet but displays a size very close to that of the CREBδ isoform that is up-regulaterd during Hv 
regeneration.  
Budding and regeneration rates are increased in the absence of light 
In order to investigate a possible variation of morphogenetic potentials with light/dark 
conditions, we cultivated in parallel two Hm populations that were kept either under a 24 
hours light, or under permanent dark, except a three hours period of light every other day 
when animals were fed. By counting the animals every two weeks, we followed the 
reproductive rhythm of these populations for up to two months. This experiment was repeated 
twice (Table 4) and average values of the two experiments are depicted in Figure 18a.  
After two months, the progression of the animal number was of 6.1x for animals kept in the 
dark conditions, and only 4.6x for animals kept in permanent light, corresponding thus to a 
25% difference between the two populations. As we did no notice any substantial animal 
death, these numbers directly reflect the budding rate of the respective populations. 
Consequently, these data support the fact that the budding process is enhanced by the absence 
of light in Hydra.  
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 Experiment 1 Experiment 2 
Dark Light Dark Light  
Day 0 
Day 15 
Day 30 
Day 45 
Day 60 
60 
48 
70 
179 
380 
60 
57 
53 
122 
265 
60 
51 
72 
163 
348 
60 
56 
55 
118 
275 
Table 4 : Influence of light exposure on Hm population growth. 
As discusssed before, our data suggest a correlation between the light/dark cycle and the 
levels of the CREB−350 isoform transcripts in the adult polyps. In the dark conditions, 
CREB−350 isoform abundancy and budding rate are high whereas upon light exposure, the 
reverse is observed, CREB−350 isoform abundancy and budding rate are low. Therefore, we 
propose a possible regulatory pathway in Hydra that would link light exposure, CREB gene 
expression and budding rate.  
As a complement, we investigated a possible influence of the light/dark exposure upon head 
regeneration. We established a culture from mechanically detached Hm adult buds that was 
maintained under 24hours light or dark exposure for two weeks and fed every other day . 
Then, animals were bisected at mid-gastric position, and left for regeneration either in total 
dark or under continuous light exposure. The appearance and number of tentacle buds were 
recorded on each stump 56 hours after amputation (Table 5). Hydra usually grows 2 tentacle 
buds (TB2) first, and then more tentacles will progressively appear on the head-regenerating 
stump. We have thus used that criteria to stage the regeneration process (TB3, TB4, TB5). 
This experiment was repeated twice independently and the average of these two values was 
plotted in a graph shown in Figure 18b. Among animals exposed to light, only 18.5% 
displayed 5 tentacle buds (TB5) at 56 hours while 41% of the dark-maintained animals had 
reached that stage at that time. As a consequence, the average number of tentacles per polyp is 
clearly decreased in the light-exposed population.  
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Tentacle buds Experiment 1 Experiment 2 
Dark (n=100) Light (n=100) Dark (n=100) Light (n=100)  
TB3 
TB4 
TB5 
27 
26 
47 
38 
39 
23 
25 
40 
35 
45 
41 
14 
Average tentacle 
number/polyp 
4.20 3.85 4.10 3.69 
Table 1 : Influence of light on the speed of apical structure formation during regeneration.  
There is thus a significant delay in regeneration of apical structures in light-exposed animals 
when compared to dark-maintained ones. Thus in both contexts where we analysed the 
influence of light on developmental processes, i.e. budding and regeneration, the highest rates 
for head and/or axis formation were observed under dark conditions.  
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a b
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total
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animals number of
animals
 24 hours light /day
 24 hours dark /day
TB
 24 hours light /day
 21 hours dark /day
3               4                 5     TBs
Figure18: Light exposure modulate budding (a) and regeneration (b) rates. Average values obtained from two
independent experiments in each case.  
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III.2.  The Hydra Hedgehog (Hh) pathway 
III.2.1. The Hh and Gli genes are present in Hydra 
1. The Hydra Hh gene 
In order to clone the Hydra Hh cognate gene, we used degenerated oligonucleotides located 
within the second exon of Hh genes (Kumar, 1996) to amplify a 180 bp fragment from Hv 
genomic DNA (the protein sequences corresponding to these primers was kindly provided by 
Juan-Carlos Ipsizua-Belmonte). The deduced protein sequence of this fragment (48 residues) 
was 87.5% identical to vertebrate Shh, 73% to the Drosophila cognate and 69% to the sea 
urchin Hh (Figure 19a). This surprisingly high level of conservation suggested that the 
selective constraint applied to this protein domain, is essential for Hh signaling 
(Hammerschmidt, 1997) and predates the divergence of cnidarians. Phylogenetic analyses of 
28 sequences representing all phyla where a Hh gene could be isolated, showed that hydra Hh 
displayed an intermediate position between arthropod Hhs and the vertebrate Desert-type 
(Figure 19b). As Dhh may be the closest relative of an ancestral vertebrate Hh gene (Kumar, 
1996), this position supports a view in which hydra Hh would represent an ancestral version 
of those forms found nowadays in living metazoans. The Southern analysis performed on Hv 
and artemia genomic DNA (Figure 19c), could show firstly that this Hh fragment was not 
cloned from artemia, the nutrient with which we daily feed our cultures, and secondly, that 
the Hh gene is most likely a single copy gene in the Hydra genome.  
2. The Hydra Gli gene 
After the cloning of Hh gene we tried to clone other members of the Hedgehog pathway. 
Thus, based on the phylogenetic conservation of the Gli/Ci transcription factor family, we 
designed a pair of primers (Gli-for2, Gli-rev2, see Appendix II) against the most conserved 
regions of the family. We isolated a 243 bp PCR product that was detected on Southern 
analysis by cross-hybridization with a mouse Gli probe and its deduced protein sequence (81 
amino acids) showed a high level of conservation (Figure 20).  
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Xenopus Ceph. VMNMWP ---L--------D-H--HD--------L---------N---------- EAGF   85% U26349 
mouse Hhg-1 VMNQWP ---L--------D-H-SEE------------------N---L------ EAGF   85% X76291 
Xenop. Banded VMNQWP ---L--------D-H-FEE------------------N---------- EAGF   85% U26404 
zebraf. India. VMNMWP ---L--------D-N-LED------------------N---------- EAGF   85% U51388 
zebraf. Tiggy VMNHWP ---L--------D-H-LEE-----------------K------S---- EAGF   83% U30710 
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Droso.mel. Hh VMNEWP -IRLL---S---DYH-GQE---------T-A-----Q----------- EAGF   71% Q02936 
sea urchin Hh VMNEWP -I-L--V-A---DQPNV EP--A-------------KN---A------ EAGF   69% AF059606 
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Figure19: The Hydra Hedgehog gene is highly conserved. a) Alignment of the Hv Hh partial sequence with Hh
sequences from various phyla. Sequences corresponding to the oligonucleotides used for PCR are underlined and
percentages of identity are shown on the right. Conservative substitutions are indicated on the top with stars. b)
Phylogenetic relationships between 28 Hh genes isolated from cnidarians, arthropods, annelids, echinoderms,
cephalochordates and vertebrates. The tree is inferred from 48 residues sequences by using the Neighbor Joining method
with a PAM-Dayhoff matrix. c) Southern analysis of mouse, Drosophila, Hv and Artemia genomic DNA using the Hv Hh
170 bp fragment as a probe. B: BamHI, E: EcoRI. 
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                                     Finger 1                       Finger 2___ 
Hydra Gli                                                                     
AmphiGli        CHWDG--------------CSKEFDTQDQLVHHINNDHIHG-EKKEFVCRWSECTREQKPFK 
Drosophila CI   CHWRS--------------CRIEFITQDELVKHINNDHIQT-NKKAFVCRWEDCTRGEKPFK 
Mouse Gli1      CRWDG--------------CSQEFDSQEQLVHHINSEHIHG-ERKESVCHWGGCSRELRPFK 
Human Gli2      CHWED--------------CTKEYDTQEQLVHHINNEHIHG-EKKEFVCRWQACTREQKPFK 
Mouse Gli3      CHWEG--------------CTREFDTQDQLVHHINNDHIHG-EKKEFVCRWLDCSREQKPFK 
AmphiZic        CLWIDPDQP-----EPKKPCNKSFSTMHEIVTHVTVEHVGGPECTNHACFWKDCPRDGRAFK 
Mouse Zic2      CKWIDPEQLS----NPKKSCNKTFSTMHELVTHVSVEHVGGPEQSNHVCFWEECPREGKPFK 
Mouse Zic1      CKWIEPEQLA----NPKKSCNKTFSTMHELVTHVTVEHVGGPEQSNHICFWEECPREGKPFK 
Mouse Zic3      CKWIDEAQLS----RPKKSCDRTFSTMHELVTHVTMEHVGGPEQNNHVCYWEECPREGKSFK 
Drosophila Opp  CLWIDPDQPGLVPPGGRKTCNKVFHSMHEIVTHLTVEHVGGPECTTHACFWVGCSRNGRPFK 
 
                 ___________                 Finger 3_______          Finger 4__
                        *********.:*.*********************:**:**..**.****** 
Hydra Gli                HTGEKPHKCHYKDCNKAYSRLENLKTHLRSHTGERPYLCEIPGCSKAFSNA 
AmphiGli      AQYMLVVHMRR HTGEKPHKCTFEGCNKAYSRLENLKTHLRSHTGEKPYVCEHEGCNKAFSNA 
Drosophila CI AQYMLVVHMRR HTGEKPHKCTFEGCFKAYSRLENLKTHLRSHTGEKPYTCEYPGCSKAFSNA 
Mouse Gli1    AQYMLVVHMRR HTGEKPHKCTFEGCRKSYSRLENLKTHLRSHTGEKPYMCEQEGCSKAFSNA 
Human Gli2    AQYMLVVHMRR HTGEKPHKCTFEGCSKAYSRLENLKTHLRSHTGEKPYVCEHEGCNKAFSNA 
Mouse Gli3    AQYMLVVHMRR HTGEKPHKCTFEGCTKAYSRLENLKTHLRSHTGEKPYVCEHEGCNKAFSNA 
AmphiZic       AKYKLVNHIRV HTGEKPFPCPFPGCGKLFARSENLKIHKRTHTGEKPFKCEFEGCDRRFANS 
Mouse Zic2    AKYKLVNHIRV HTGEKPFPCPFPGCGKVFARSENLKIHKRTHTGEKPFQCEFEGCDRRFANS 
Mouse Zic1    AKYKLVNHIRV HTGEKPFPCPFPGCGKVFARSENLKIHKRTHTGEKPFKCEFEGCDRRFANS 
Mouse Zic3    AKYKLVNHIRV HTGEKPFPCPFPGCGKIFARSENLKIHKRTHTGEKPFKCEFEGCDRRFANS 
Drosophila Opp AKYKLVNHIRV HTGEKPFACPHPGCGKVFARSENLKIHKRTHTGEKPFKCEHEGCDRRFANS 
                 ___________               Finger 5________
             ************..*.*.**:.*.****** 
Hydra Gli     SDRAKHQNRTHSDVKQYGCKVNGCTKRYTD
AmphiGli      SDRAKHQNRTHSNAKPYVCKIPGCTKRYTDPSSLRKHVKTVH 
Drosophila CI SDRAKHQNRTHSNEKPYICKAPGCTKRYTDPSSLRKHVKTVH 
Mouse Gli1    SDRAKHQNRTHSNEKPYVCKLPGCTKRYTDPSSLRKHVKTVH 
Human Gli2    SDRAKHQNRTHSNEKPYICKIPGCTKRYTDPSSLRKHVKTVH 
Mouse Gli3    SDRAKHQNRTHSNEKPYVCKIPGCTKRYTDPSSLRKHVKTVH 
AmphiZic      SDRKKHS-HVHTSDKPYNCKVRGCDKSYTHPSSLRKHMK-VH 
Mouse Zic2    SDRKKHM-HVHTSDKPYLCKM--CDKSYTHPSSLRKHMK-VH 
Mouse Zic1    SDRKKHM-HVHTSDKPYLCKM--CDKSYTHPSSLRKHMK-VH 
Mouse Zic3    SDRKKHM-HVHTSDKPYICKV--CDKSYTHPSSLRKHMK-VH 
Drosophila Opp SDRKKHS-HVHTSDKPYNCRINGCDKSYTHPSSLRKHMK-VH 
Figure 20. The Hydra Gli deduced protein sequence is highly conserved. The underlined regions
correspond to the primer sequences. The alignment is based on the one we received from Dr. Seb
Shimeld. 
 
III.2.2. Hedgehog gene expression 
We looked for a potential involvement of Hydra Hh in morphogenetic processes by mRNA in 
situ hybridization performed on whole mount specimen (Figure 21). In adult polyps, Hh 
expression was predominantly detected in endodermal cells of the hypostome and peduncle 
regions (Figure 21a,b), whereas absent from the mid-gastric segment, a region where 
undifferentiated cells are abundant and start to migrate towards the extremities of the animal 
meanwhile they gain their differentiated status. Therefore, Hh expression was not detected in 
the region where stem cells and precursor cells are predominant.  
Surprisingly, in budless as well as budding animals, a sharp boundary between expressing and 
non-expressing cells was consistently observed in the lower part of the parental polyp, 
immediately below the budding area (Figure 21a,c,d; arrow), at a level where no anatomical  
 
- 5 -  
Figure 21: Expression of the hydra Hh gene. a,b) A budless adult polyp showing expression both apical and
basal. This latter domain shows an upper border corresponding to the position of the future budding (see
panels c and d). In b, head is viewed from the top. c, d) During budding, expression is maintained in the
basal part of the parental polyp and appears distally in the bud; buds are stage 4, 3, 6 and 8 from left to right,
respectively. e-l) Expression of Hh in the course of foot (e-h) and head (i-l) regeneration, at various time
points following mid-gastric section. In panel f, the foot-regenerating hydra was dissected longitudinally to
expose those endodermal positive cells (black arrowhead). In i-k, the head-regenerating stump is at the top.
l: A transversal section of a 24 hrs head-regenerating stump is shown after JB-4 embedding, ect: ectoderm,
end: endoderm. Bar: 0.8 mm.  
or cellular landmark is known to exist. This raised the possibility that the position of the bud 
would be fixed by the upper border of the Hh transcript domain (e.g. Figure 21d). This also 
indicated that the pre-budding Hydra already displayed a molecular regionalization, 
subsequently translated into differences in morphogenetic potentials. During budding, Hh was 
initially transcribed in endodermal cells of the future head region relatively late, at stage 4, 
about 16 hours before the tentacle rudiments emerged (Figure 21c,d).  
 
 
- 6 -  
 
We then looked at Hh expression in the course of regeneration following cutting of the 
animal. Soon after bisection, a symmetric expression domain was observed in ectodermal and 
endodermal cells of both upper and lower stumps (Figure 21e,f,i). However, maximal 
expression levels were scored in ectodermal cells of the head-regenerating stump after 24 
hours, i.e. about 12 hours before tentacle buds became visible (Figure 21j,k,l). Such a robust 
Hh expression was nevertheless not observed in the foot-regenerating stump (Figure 21g,h), 
suggesting differential responses of Hh during head and foot formation. Altogether, these data 
point to a potential role for the Hydra Hh gene in pattern formation processes.  
83%
ectopic
foot
17%
absorbed
23%
ectopic
foot
77%
absorbed
peduncular 
grafts (n = 30)
mid-gastric 
grafts (n = 14)
2 days 2 days
a b
Figure 22 : Inducing activity of Hh-expressing cells. a) Grafts were isolated either from the
peduncular Hh-expressing region of budding animals and transferred in the upper body column of 
budless animals. 83% of the grafts developed to new ectopic feet after two days. b) As a control, 
grafts were isolated from the mid-gastric region (above the budding zone) of budding animals and
transferred as described in a. Not more than 23% of the grafts gave induced ectopic foot.  
III.2.3. Functional analysis of the Hh expressing cells 
3. Hh expressing cells induce ectopic foot formation and ectopic budding 
The sharp boundary of the Hh expression observed just under the developing bud or under the 
budding-committed region led us design grafting experiments where we would transfer Hh 
expressing cells from the peduncular area into a more apical region along the body axis, 
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hoping that these cells will continue expressing Hh. Would the ectopic Hh expression define a 
new budding zone, and as a consequence, could this graft induce an ectopic budding process ? 
To approach these questions, we decided to elaborate the grafting experiments that are 
described in Figure 22. Thus we isolated and transfered a very small piece of tissue isolated 
either from the peduncular Hh expressing region or, as a negative control, from the region 
located above the budding zone that does not express Hh. For this purpose we used as donors 
stage 4-budding polyps and as hosts, non-budding animals in order to avoid any potential Figure23: Peduncular grafts lead to ectopic formation of feet and buds The fate of the grafts was studied by the
labeling either the hosts (a,b) or the graft (c) with fluorescent beads. The non labeled graft is developing into a
new basal structures after 48 hours with the participation of labeled cells migrating from the host towards the graft
(b). When the graft was labeled some labeled cells migrating within the body column of the host were found 3
days after grafting (c). Within 3 to 4 days the graft developed into a complete ectopic basal structure (d, e).
Around 10 days after grafting a budding process was eventually induced at the proximity of the ectopic foot (d,f).
Three weeks postgrafting the induced bud had developed into an adult polyp ready to be detached (f). interactions between the graft and the bud of the host. For a similar reason, the region where 
the graft was placed onto the host was located within the apical half of the animal, again to 
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avoid interactions with any budding process of the host. These grafts were monitored at two 
distinct levels, first at the phenotypic level (Table 2), second at the gene expression level 
(Table 3).  
At the phenotypic level, the outcome of these experiments, was a suprizingly high rate of a 
complete ectopic foot formation (83%) within the first 3 days after grafting peduncular grafts 
while in contrast mid-gastric grafts provided a high rate of resorption of the graft (77%, 
Figure 22). In addition, within 10 days after grafting, 4 out of 25 of the animals that had 
showed an ectopic foot, displayed a budding process facing the ectopic foot (Figure 23d,f and 
Table 2). In one case, a complete animal developped at that ectopic position, ready to detach 
after 3 weeks (Figure 23f). In case of the mid-gastric grafts, we never observed the formation 
of any ectopic budding process. These last observations provided strong evidence for a direct 
role played by the grafted tissue onto the host tissue for the establishment of a de novo 
budding zone and the subsequent initiation of a budding process.  
 
 
GRAFTS n ectopic foot ectopic  
foot + bud 
ectopic 
bud only 
absorption 
of the graft 
Peduncular 30 25 4 / 25 0 5 
Mid-gastric 14 4 0 0 10 
Table 2 : Ectopic structures induced by grafting. These structures were observed either 3 days 
(ectopic foot), or 10 days (ectopic bud) after grafting.  
In order to monitor the importance of the cell migration processes induced by grafting, we 
marked by injecting fluorescent beads into the gastric cavity (Technau, 1992) the endodermal 
cells of either the graft, or the host. After two or three days, we observed an important 
migration of cells from the host towards the graft, but a very limited one from the graft 
towards the host (Figure 23a-c). Thus, we expect that the inductive function played by the 
graft on the host tissue mostly results from extra-cellular signaling provided by the graft, 
possibly involving Hh to which host cells will respond.  
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4. Grafts containing Hh expressing cells induce ectopic Hh expression 
In order to assess a possible role for Hh in this inductive process, we performed in-situ RNA 
hybridization with a Hh antisense riboprobe on the grafted animals (Figure 24). We observed 
a significant expression of the Hh gene in the graft 24 hours after grafting (Figure 24a-c), that 
does not depend on either the size (Figure 24c) or the position of the graft along the host body 
a
f
l
m
f
 
 Figure24: Peduncular grafts lead to ectopic Hh expression. a-c) Whole-mount in-situ detection of Hh transcripts on 
grafted Hv 24 hours after grafting. This ectopic expression is present whatever the proximity of the graft to the
apical part of the host (b) or its size (c). d-f) Hh expression pattern in grafted polyps showing both an ectopic foot
(ect.foot) and induced buds (ind. bud) 10 days after grafting. The Hh gene was still expressed in the ectopic basal 
structure (arrows) as well in the induced buds (arrowheads) and the peduncle of the host with a pattern similar to
that observed in the non-grafted animal (e). xis (Figure 24b). Ten days after grafting, Hh transcripts were also detected in the ectopic 
oot and the ectopic bud (Figure 24d,f). This ectopic Hh expression on the grafted host was 
ocalized in a well defined area limited by sharp boundaries and surrounded in some cases by 
ultiple induced ectopic buds (Figure 24f). These observations raised substantial evidences 
or a participation of Hh in the induced ectopic budding.  
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GRAFTS 
(n = 24) 
Hh negative ectopic Hh expression induced budding 
1hour 0 7 grafts 0 
24 hours 3 grafts 9 grafts 0 
10 days 0 2 feet 1 / 2 single Hh-expressing ectopic bud 
14 days 0 6 feet 2 / 6 display multiple Hh-expressing ectopic buds 
Table 3 : Hh expression in grafted animals. Whole mount in situ hybridization was performed on hosts that had 
received a peduncular graft at various time points after grafting.  
III.3.  The hydra Iolaos gene 
III.3.1 Iolaos encodes a Kazal-repeat protein 
By pure serenpidity, we have isolated by using degenerated oligos designed against conserved 
regions of the Gli proteins (Gli-for1 and Gli-rev1, see Appendix II), a partial Hv cDNA (474  
 
bp) that encodes 3 Kazal repeats (Figure 25). Kazal-repeats correspond to serine protease 
inhibitor domains, usually indicative of proteins acting as serine protease inhibitors. Kazal 
inhibitors belong to a family of proteins that includes pancreatic secretory trypsin inhibitor, 
avian, ovomucoid, acrosin inhibitor, and elastase inhibitor. These proteins contain between 1 
and 7 Kazal-type inhibitor repeats whose structure includes a large quantity of extended 
chain, 2 short alpha-helices and a 3-stranded anti-parallel beta sheet. However, kazal-like 
domains are also seen in the extracellular part of agrins, follistatin precursors, which are not 
known to be protease inhibitors. By analogy with the other Kazal family members, the Iolaos 
protein is probably expressed extra-cellularly but its function cannot be predicted. A related 
elastase inhibitor was actually previously biochemically characterized from a sea anemona 
species, Anemona sulcata (IELA-ANESU in Figure 25) (Kolkenbrock, 1987 153; Tschesche, 
1987 154).  
Hv Iolaos      1    CSSGRQCDGYLQ NSPFLQTGCDHDGKT YASECAL KAASCLSQEP IVKVYDGEC
       54       NLEGNCKFA CNRMYAPVCGSDKNL YSNECLL RQAACEQRKA ITVVRNVGE 
      104      NTDCSSCSFP CTREYNPVCGSDGKT YATECVM RGFACQYEKA IVAVRDGPCEAE* 
 
IELA_ANESU(4-48)             CPLI CTMQYDPVCGSDGIT YGNACML LGASCRSDTP IELVHKGRC 
Prot-inh_CRAYFISH                       CGTDGKT YSNLCAL RIEACNNPHLNLRVDYQGEC 
                        RPKNQCRNG CTLQYDPKCGTDGKT YSNLCDL EVAACNNPQLNLKVAYKGEC 
                        KQQNQCPTI CTQQYDPVCGTDGKT YGNSCEL GVAAC 
FRP_HUMAN(51-98)          TCLCIEQ CKPHKRPVCGSNGKT YLNHCEL HRDACLTGSK IQVDYDGHC 
FRP_MOUSE(49-96)          TCLCIEQ CKPHKRPVCGSNGKT YLNHCEL HRDACLTGSK IQVDYDGHC 
FRP_RAT(49-96)           TCLCIEQ CKPHKRP CGSNGKT YLNHCEL HRDACLTGSK IQVDYDGHC 
AGRI_CHICK(79-126)        CVCKKTA CPVVVAPVCGSDYST YSNECEL EKAQCNQQRR IKVISKGPC 
FSA_MOUSE(188-239)    YCVTCNRICPE PSSSEQYLCGNDGVT YSSACHL RKATCLLGRS IGLAYEGKC 
FSA_HUMAN(188-239)    YCVTCNRICPE PASSEQYLCGNDGVT YSSACHL RKATCLLGRS IGLAYEGKC 
FSA_RAT(274-316)              CPD -SKSDEPVCASDNAT YASECAM KEAACSLGRS IGLAYEGKC 
IAC1_BOVIN(20-61)               A CTREYNPICDSAAKT YSNECTF CNEKMNNDAD IHFNHFGEC 
IPSG_MARMT(72-119)        CTQYSDM CTMEYLPLCGSDGKN YSNKCLF CNAVMGSRGA LFLAKHGQC 
IAC2_HUMAN(36-84)       CSQYRLPG CPRHFNPVCGSDMST YANECTL CMKIREGGHN IKIIRNGPC 
IPST_HUMAN(31-79)        KCYNELNG CTKIYDPVCGTDGNT YPNECVL CFENRKRQTS ILIQKSGPC 
IPST_CANFA(10-57)        CNLKVNG CNKIYNPICGSDGIT YANECLL CLENKKRQTS ILVEKSGPC 
IOVO_COTJA(70-127 CYPNTTSEDGKVTIL CTKDFSFVCGTDGVT YDNECML CAHNVVYGTN ISKEQDGEC 
IOVO_MELGA(69-126 CYPNTTSEEGKVMIL CNKALNPVCGTDGVT YDNECVL CAHNLEQGTS VGKKHDGEC 
IOV7_CHICK(291-347 YLSNT-QNGEAITA CPFILQEVCGTDGVT YSND--- -----L-GTS VAKKHDGRC 
Consensus                 C      C---Y-PVCGSDGKT Y-NEC-L ---AC----- I-VV-DG-C 
Kazal signature        C-------C------ Y---C-- C 
Figure 25. Alignment of the Kazal-repeats found i  the Hydra Iolaos prot in with those present in the agrin (AGR), 
follistatin-related protein precursor (FRP), follistatin precursor (FSA), elastase inhibitor (IELA) acrosin-trypsin 
inhibitor (IAC), ovomucoid (IOVO), prostatic secretory glycoprotein (IPSG), pancreatic secretory trypsin inhibitor
(IPST) proteins. This alignment was performed after BLAST analysis of the Hv Iolaos sequence and description of
the Kazal motif at the Pfam site (PFOOO50) and Prosite (PS00282).  
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III.3.2. Iolaos expression pattern 
Whole mount in-situ hybridization performed with an antisense Ialaos riboprobe on total 
Hydra detected Ialaos transcripts in endodermal cells of the body column, extending from the 
upper part of the body column towards the upper limit of the budding zone (Figure 26b), 
excluding thus the head region in all animals analysed and the budding zone in about 50% of 
the animals. However when young budless animals just detached from the parent were 
analysed, most of them displayed an expression pattern extending into the peduncle and thus 
including the budding zone (Figure 26d). In contrast, no expression was noted in the budding 
zone of budding animals, where a sharp boundary in the upper limit of the budding zone was 
observed (Figure 26c). Finally, most animals displayed a weak expression domain in the basal 
region (the lower peduncle) of the body column. In a single animal that showed a 
differentiated oocyte, strong expression levels were scored in the oocyte area (Figure 26a). 
During budding, Ialaos is strongly expressed in endodermal cells of the developing bud at 
stages 4 to 6 (Figure 26b). Those observations indicated that Hv-Ialaos and Hv-Hh might play 
complementary roles to define the upper and the lower boundaries of the budding zone 
respectively. This function might anticipate that played by two components of the Wnt 
pathway, Tcf and β-catenin, that are transiently expressed within this zone at the time budding 
is initiated (Hobmayer, 2000).  
Figure26: Iolaos expression in Hv adult polyps. Analysis of Iolaos expression pattern in budless polyps (a) show that
transcripts progressively disappear from the budding zone (marked by bars), although some Iolaos expressing cells
are located in the peduncle. In budding polyps (b), transcripts were not detected in the budding zone but present in
the developing bud. c) In a unique polyp, we detected Iolaos transcripts in the oocyte (arrow).  
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IV DISCUSSION 
IV.1. The CREB pathway in hydra 
IV.1.1.CREB transcriptional and post-translational regulation in early 
morphogenetic events 
The analysis of the CREB expression pattern showed at least three distinct specific modes of 
regulation. We observed a head-specific expression of CREB in the hypostome of adult 
polyps, an early temporo-spatial regulation of its expression during budding and regeneration, 
a late phase of expression at the time the head is forming. Thus, an appropriate regulation of 
the CREB gene is likely required i) for maintening head patterning in the adult polyps, ii) at 
the time early morphogenetic processes, i.e. either regeneration of head and foot, or budding 
are initiated, iii) when the head terminally differentiates.  
During early regeneration, a first transient expression was observed at the wounding stage. 
Then two hours onwards after amputation, CREB transcripts were localized exclusively in the 
endodermal layer of the stumps The stump at that period of time was shown to be able to 
induce the formation of secundary heads on grafted animals (MacWilliams, 1983). Recently 
several genes similar to those implicated in organizer activity and/or positional information in 
bilaterians, have been cloned in Hydra. Among them, several encode putative regulatory 
proteins related to:  the winged-helix gene budhead (Martinez, 1997), the Brachyury homolog 
HyBra (Technau, 1999), the Tcf and wnt genes (Hobmayer, 2000), and the nanos-related 
gene, Cnnos2 (Mochizuki, 2000), all of the these genes are expressed in endodermal cells of 
the adult hypostome and as early genes in endodermal cells of both, the regenerating stump as 
well the bud, but also during embryonic head formation in the case of HyBra1. Similarly, the 
aristaless-like prdl-a gene that is expressed in the nerve cell lineage in the adult ectodermal 
hypostome, shows a first early wave of transient expression in endodermal cells of the 
regenerating stump, before being detected in the overlying ectoderm at early —late stages 
(Gauchat, 1998). The Wnt pathway is fully conserved (at least at the molecular level) in 
Hydra (Hobmayer, 2000). Among the components of this pathway, Tcf and β-cat are turned 
on immediately after bisection while wnt transcripts are detected soon after in the 
regenerating stump. Thus all these genes, including CREB, are candidates for the 
establishment of the organizer activity detected decades ago by transplantation experiments: 
they are expressed in the regenerating stump at the time and at the place where morphogenetic 
activities were mapped. The endodermal cells that express most of these candidate 
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components for the organizer activities, could possibly be considered as homologs to the 
endomesodermal cells responsible for organizer activity in bilaterians (Gauchat, 1998; 
Technau, 1999; Galliot, 2000).  
Similarly, many of these genes are expressed during budding at early stages suggesting that 
common mechanisms are at work in the two contexts. However, initiation of budding might 
require specific molecular mechnisms (see below). For example, a transient belt of Tcf and β-
catenin expression is detected in the adult body column, at the level where the bud will 
emerge, before any bud spot is detectable yet (Hobmayer, 2000). Thus this activation of the 
wnt pathway likely precedes the early “bud spot” expression observed with CREB. Later Tcf, 
wnt and CREB transcripts are found in the presumptive head of the developing bud, in a 
similar pattern to that observed during head regeneration.  
IV.1.2. CREB regulation and the light cycle 
In this study, we could show the influence of light on morphogenetic events, i.e. budding and 
regeneration rates are increased in the absence of light. In addition, we provide some 
preliminary evidences that suggest a light-dependent regulation of the CREB gene at the post-
transcriptional level in Hydra. These data imply the potential existence of photoreceptors in 
Hydra. In fact, some cnidarians (cubozoans) do develop eyes, peripheral nervous structures 
that can sense and transmit light signals. Recently three cristallin genes were cloned from one 
of this jellyfish and shown to be regulated by the nuclear retinoid acid X receptor as it is the 
case in bilaterians (Kostrouch, 1998). To our knowledge, the characterization of Hydra 
photoreceptors was not reported yet but the reaction of Hydra to light was highly investigated 
at the behavioral and electro-physiological levels (Passano, 1962; Passano, 1964; Tardent, 
1969).  
The molecular mechanisms by which the light effect can be transduced and translated into the 
regulation of morphogenetic events in Hydra is a mystery. In mice, light-induced phase shifts 
in locomotor activity were consistently accompanied by CREB phosphorylation in the 
suprachiasmatic nucleus induced by pituitary adenylate cyclase- activating polypeptide 
(PACAP) and glutamate (von Gall, 1998). In Drosophila, the dCREB2 gene is likely involved 
in the circadian rhythm (Belvin, 1999). As we showed that the Hydra CREB is a target for 
kination events during regeneration (see Appendix I), we speculate that the light-induced 
effect could regulate similar kination events and subsequently the transcriptional activity of 
genes involved in morphogenetic mechanisms.  
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IV.2. The molecular steps of Hydra budding 
The data provided by the expression analyses of the Tcf, β-catenin (Hobmayer, 2000), Hh, 
Iolaos (this work) genes on one hand and the CREB (this work) and prdl-a (Gauchat, 1998) 
genes on the other, imply that at least two distinctive and successive genetic programs are at 
work before an emerging bud can be observed macroscopically.  
IV.2.1. The definition of the budding zone: the Hh and Iolaos boundaries 
5. A dynamic process establishes the budding zone 
The first genetic program will define a discrete zone along the body axis, the budding zone, 
where endodermal cells, but also probably ectodermal cells will become committed for the 
budding process. Several markers that map the budding zone, have been reported: the non-
Hox Antp-class NK-2 gene (Grens, 1996) and the tyrosine kinase shin guard (Bridge, 2000) 
for the lower boundary, the Gsc expression domain (Broun, 1999) for the upper one. In this 
work, we have identified two new early markers for this budding zone in the adult polyp, the 
Hh and the Iolaos genes that are expressed below and above the budding zone respectively. In 
young budless polyps, these two boundaries are not established yet as evidenced by the 
extended  
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Figure 27 : Dynamic modulations of gene expression patterns in the budding zone. In young budless animals, the 
Iolaos and Hh transcripts are detected in overlapping domains (left panel). After restriction, their respective 
lower and upper boundaries limit the budding zone where a transient expression of Tcf and β-catenin precedes 
bud formation (center panel). At earliest stages of budding, early genes are expressed in the bud area (right 
panel). Finally, CREB transcripts are always detected at the apical part of the polyp and the developing bud and 
sometimes within the peduncle (thus having an indication for CREB potential oscilation).  
 
domains of Hh and Iolaos expression that we observeds. We are curently performing some 
double-labelling in situ hybridization to confirm that in these animals, the Hh and Iolaos 
domains actually overlap in the future budding zone. We actually suspect that progressively 
as the animal age, these two domains of expression become restricted, basically in case of Hh, 
limited to a peduncle domain, apically in case of Iolaos, within a domain that finally covers 
about 60% of the body column. After restriction, two sharp boundaries are then observed that 
define the budding zone (Figure 27). Once established, the tissue contained within the 
budding zone is likely competent for budding as evidenced by the transient expression belts 
displayed by the Tcf and β-catenin transcripts, several hours before budding can be detected 
(Hobmayer, 2000).  
6. The Hedgehog boundary may act as an organizer region 
We performed grafting experiments to uncover the potential role of the Hh-expressing tissue 
in the budding process. This approach indicated that a small area from the Hh expressing 
zone, was able to induce the formation of a new foot. In addition, this ectopic foot, likely by 
providing a new boundary in the body column between cells that express Hh and those that do 
not, was able to induce an ectopic complete budding process in several cases. Fluorescence 
labeling experiments indicated that this foot was able to recruit cells from the nearby tissue. 
Thus, these data suggest that the Hh-expressing region by providing this boundary acts as an 
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organizer. The classic definition of an organizer is as following: An organizer is a cell 
population that is able to a) release inducers to the adjacent cells, b) guide the adjacent cells 
towards specific morphogenetic events, c) exchange cells with the adjacent tissues, d) 
differentiate itself into specific structures. This Hh-expressing region seems to satisfy all of 
the requirements of an organizer region.  
7. Putative interactions between the Hh and the Wnt pathways in Hydra 
The interactions between  Wnt and Hh signaling pathways were first described in the 
ectodermal cells of the Drosophila abdominal segments and wing imaginal discs where 
boundaries form between the posterior compartment that express Hh and the anterior 
neighbouring cells where Hh acts indirectly by inducing Decapentaplegic or wg expression 
domains (Basler, 1994). Hh signaling regulates wg transcription through post-translational 
activation of Ci and the Gli/Ci binding sites present in the wg enhancer (Von Ohlen, 1997). 
Thus, in Drosophila the secreted signalling proteins Hedgehog, Wingless and Dpp provide 
the organizing activities required for axis formation (Strigini, 1999). The interactions between 
the Wnt and Hh signaling pathways, during development of vertebrates, were reported in 
many distinct developmental contexts, e.g. in the dorso-ventral patterning of the neural tube 
and patterning of the dermatomyotome (Lee, 2000), in the establishment of the antero-
posterior (Shh) and dorso-ventral (Wnt-7a) axes of the limb (Capdevila, 1999), during tooth 
development where these interactions establish boundaries between oral and dental ectoderm 
(Sarkar, 2000). Thus, these interactions might reflect ancestral developmental mechanisms 
that could find some echo in Hydra patterning. The observed boundary in the budding zone 
between the Hh-expressing cells and the Tcf/β-catenin expressing cells suggest a possible 
similar interaction that requires further analysis to be demonstrated.  
IV.2.2. The definition of the bud spot 
Once the budding zone defined, the position where the bud starts to emerge is marked by few 
molecular markers, like HyBra1 (Technau, 1999), wnt (Hobmayer, 2000) and CREB (this 
work). However, the mechanisms that permit a pool of adjacent cells that belong to the 
budding zone to develop as a bud, while cells located in its neighborhood will transiently 
become incompetent for budding, is not understood yet. Moreover, the first day of budding, 
there is a heavy recruitment of about 5000 epithelial and interstitial (mainly neural 
progenitors) cells towards the budding spot (Berking, 1980). The migration of parental cells 
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towards the bud was recently monitored at the molecular level with the Otx gene that is 
expressed in those cells (Smith, 1999).  
IV.2.3. The differentiation of a new axis 
8. Early and early/late markers of apical formation 
The tip of the evaginating bud expresses at early stages (stages 2 to 4) “early” markers that 
are also detected during early head regeneration. Examples such as: the winged-helix gene 
budhead (Martinez, 1997), the nPKC gene (Hassel, 1998), the Paired-class prdl-a homeobox 
gene (Gauchat, 1998), the brachyury homolog HyBra1 (Technau, 1999), the Antp-class cnox-
1 homeobox gene (Gauchat, 2000), the Tcf and Wnt genes (Hobmayer, 2000), the 
nanosrelated-gene Cnnos 2 (Mochizuki, 2000) and the CREB gene (this work). Some 
molecular markers as the cPKC gene (Hassel, 1998), the goosecoid-related gene, Cngsc 
(Broun, 1999), the Antp-class cnox-2 homeobox gene (Gauchat, 2000) are expressed at later 
stages, prior tentacle buds formation. We name these latter markers “early/late” genes; their 
temporo-spatial regulation suggests that they are active not at the time head organizer is 
establishing but rather in the head differentiation process. The similarity on the temporo-
spatial regulation of these two sets of genes suggest that head organizer activity on one hand 
and the head differentiation process on the other, rely on similar pathways during 
regeneration and budding. CREB shows distinct waves of expression at early and early/late 
stages in both budding and regeneration, and can therefore be considered as a putative head-
organizer and head-differentiation gene. In contrast, Hh seems to be restricted to an early-late 
head-differentiation function during budding. In the bud itself, we did not detect Hh 
transcripts before stage 4. Similarly, during regeneration, we observed a weak expression at 
early times, but a high level of expression in ectodermal cells, of the head-regenerating 
stumps, beegining the second day after bisection. Thus the transient regulation of the Hh 
signaling pathway observed during apical differentiation at early/late stages of head 
regeneration (after 15 hours) and later stages of budding (from stage 5 onwards) is likely 
different from that described in the adult, either in the hypostome or the budding zone.  
9. Putative interplay between CREB and other signalling pathways 
Our expression analyses showed that in some contexts CREB and Hh transcripts were 
detected in the same tissues at the same time (hypostome, head regeneration, budding). 
Therefore, interactions between these two pathways during morphogenetic processes in 
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Hydra are possible, even though this hypothesis would require a detailed spatial analysis of 
the Hh receptor cells. The characterization of Gli-expressing cells will provide soon a 
valuable information in that respect. However, the CREB-binding protein (CBP, not yet 
cloned in Hydra) might provide a link between these pathways in Hydra. CBP acts as a 
transcriptional co-activator that specifically binds the phosphorylated form of CREB (Chrivia, 
1993) but is also working as a co-activator in several signalling pathways (Dai, 1996). In 
Drosophila, CBP is involved in the activation of Hh target genes, including wg in Drosophila, 
by interacting directly with the Ci (Gli homolog) transcription factor (Akimaru, 1997; Chen, 
2000). In addition, the Drosophila CBP represses the Tcf transcription factor activity, 
antagonizing thus the wnt signalling pathway (Waltzer, 1998). Similarly, in vertebrates, two 
transcription factors involved in the early steps of the differentiation of the hematopoietic cell 
lineage, GATA-1 and c-Myb, bind to CBP in a competitive manner that probably provides the 
molecular basis for the mutual inhibition of their transcriptional activity (Takahashi, 2000). 
We have shown that a CREB regeneration-specific isoform (CREBδ) is produced within the 
first hour after amputation. This isoform, as all the isoform characterized so far encode the 
KID domain but, as a unique feature, lacks the DNA-binding and dimerization domains. This 
truncated version of CREB is not functional as a transcription factor but is likely a target for 
activated kinases. One hypothesis would be that this phosphorylated CREBδ then efficiently 
titrate the CBP activity present in the nuclei where it is expressed, and thus modulate the 
activity of CBP-dependent transcription factors, as CREB, Tcf, Gli. The expression and 
functional studies that will be performed in the coming years, should help decipher the 
interactions between these genetic networks and will probably reveal some tightly 
evolutionarily-controlled molecular networks required for basic animal morphogenetic events.  
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Summary 
The early modulation of the DNA-binding activity of the CREB transcription factor observed 
after bisection suggested that CREB is involved in the regeneration process in hydra. In this 
paper, we show an immediate and asymmetric regulation of the CREB phosphorylation level 
upon bisection whereby CREB was found hyper-phosphorylated in head-regenerating stumps, 
but not in foot-regenerating ones. In order to characterize the signaling events involved in this 
regulation, we have analysed the activities of CREB-binding kinases. One of them, a p80 
kinase, showed an enhanced activity in the head-regenerating stump but a repressed one in the 
foot-regenerating stump. This regulation did not take place in the head-regeneration deficient 
mutant, reg-16. Moreover, this differential regulation was found inverted in the presence of 
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high levels of endogenous factors released upon bisection indicating that the head- and foot-
regenerating stumps sense and respond differently to the released factors. Finally, our data 
suggest that this p80 CREB-binding kinase might correspond to a hydra RSK kinase. Thus an 
immediate but hours-lasting regulation of the p80 CREB-binding kinase activity is likely 
required for the establishment of the head-organizer activity during hydra regeneration. 
INTRODUCTION 
In most phyla of the animal kingdom, several species among cnidarians, planarians, nemertia, 
annelids, arthropods, echinoderms, urodeles, fish display regenerative capacities, likely 
representing an ancestral feature that has been lost several times during evolution (Sánchez 
Alvarado, 2000). However, regeneration is poorly understood at the molecular level and the 
question of conservation of core ancestral mechanisms remains open (Galliot, 1997). The 
central issue concerning regeneration is to understand how the developmental program can 
unfold in adult tissues, i.e. how morphogenesis is re-established. Hydra bud and regenerate all 
along their life, proving that the developmental program stays permanently accessible during 
the adult life of the animal, which represents so far a unique alternative to ageing. Hydra as a 
cnidarian, is a diploblastic animal, made up of two cell layers, ectoderm and endoderm, 
separated by a collagenous structure called the mesoglea. The endoderm lines the gastric 
cavity that has a single opening, the mouth used for ingestion of prey and ejection of non 
digested products. In adult polyps, cellular migration from the body column towards the 
extremities is coupled to differentiation. These two permanent dynamic processes lead to the 
establishment and maintenance of a cellular gradient, from the central body column zone, 
mostly occupied with undetermined, undifferentiated cells to the two extremities where most 
of the cells are terminally differentiated before getting sloughed off. Hydra regeneration is 
achieved within three days after mid-gastric section and mostly results from differentiation of 
cells of the gastric region. Indeed no cell proliferation is required during the first day and for 
this reason, hydra regeneration is called morphallactic. 
Although early modulations in gene expression have been identified during regeneration (see 
(Galliot, 2000), very few is known about the signaling mechanisms that propagate head- and 
foot-inducing signals from their extracellular location to the nucleus. However, appropriate 
modulation of PKC activity is likely crucial for hydra axis development as evidenced by 
DAG treatment which leads to multiheaded animals (Müller, 1996) and PKC inhibitors that 
selectively block head regeneration (Cardenas et al., 2000). In vivo, PKC activity increases 
upon translocation to the membrane during head regeneration and two distinct hydra genes 
 - 4 - 
encoding cPKC and nPKC, show a regulated expression during apical and apico/basal 
patterning respectively (Hassel, 1998; Hassel et al., 1998). Among the signaling molecules, 
the neuropeptide head activator (HA), which is released upon injury, speeds up regeneration 
likely by stimulating nerve cell differentiation (Schaller et al., 1989). In intact hydra, cAMP 
can mimic HA cellular effects (Fenger et al., 1994) and HA exposure leads to an increase of 
cAMP levels (Galliot et al., 1995). The CREB transcription factor, which belongs to the bZIP 
family, is highly conserved in hydra where it shows a DNA-binding activity significantly 
modulated during both apical and basal regeneration (Galliot et al., 1995). As post-
translational regulation is critical for modulating CREB transcriptional activity (see ref. 
(Shaywitz and Greenberg, 1999), we have investigated the CREB phosphorylation status 
during early regeneration, and analysed kinase activities detected among CREB-binding 
proteins at the time organiser activity is progressively establishing in the stump. We have 
detected high levels of CREB phosphorylation in extracts from head-regenerating halves but 
significantly lower ones during foot regeneration. In addition, we have identified kinase 
activities that display significant modulations as early as 20 minutes after bisection. One of 
them, the p80 CREB-binding kinase, shows a temporo-spatial regulation of its activity during 
early head regeneration that is not observed in the absence of regeneration or when head 
regeneration is deficient. In addition, the phosphorylation level of this p80 CREB-binding 
kinase is tightly regulated by factors released upon bisection along the body column. 
Biochemical and immunological evidences suggest that this p80 CREB-binding kinase 
belongs to the RSK kinase family.  
EXPERIMENTAL PROCEDURES 
Culture of animals and regeneration experiments: The three hydra species, Hydra vulgaris 
(H.v., Irvine strain), Hydra oligactis (H.o., Holland strain), Hydra magnipapillata (H.m., 
strain 105) and the 105 mutant reg-16 were obtained from S. Hoffmeister (Hamburg), R. 
Campbell (Irvine) and T. Fujisawa (Mishima) respectively. Hydra were cultured in hydra 
buffer (HB: 0.5 mM NaPO4 pH 7.4, 1 mM CaCl2, 0.1 mM KCl, 0.1 mM MgCl2) and fed 6 
days a week with hatched Artemia nauplii. After a four days starvation period, regeneration 
experiments were performed at 20°C on 70 budless hydra per condition, bisected at mid-
gastric position, unless specified. After sectioning, apical and basal halves were collected 
separately and left for regeneration in petri dishes with a volume of 0.5 ml per animal. For the 
freeze-cut procedure, 20 animals were put in a 9 cm petri dish that was kept on ice under the 
binocular. The hydra buffer was totally removed with a pasteur pipette and liquid nitrogen 
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was immediately added to shock freeze the animals and then replaced every 30 sec during the 
experiment. After mid-gastric section, the apical and basal pieces were immediately 
transferred into cold 0.5 ml douncers pre-filled with 50 µl buffer A and dounced 10 times to 
prepare the WCE. 
Nuclear extracts (NE) and whole cell extracts (WCE): NE were prepared as in (Galliot et 
al., 1995) but in the presence of phosphatase inhibitors (2mM NaF, 2mM Napyrophosphate) 
and Complete™ Mini Roche as proteinase inhibitors. WCE were prepared according to (Hibi 
et al., 1993) with ice cold buffers containing phosphatase inhibitors (20 mM β-
glycerophosphate, 0.1 mM Na3VO4, 50 mM NaF, 30 mM Na pyrophosphate) as well as 
proteinase inhibitors (100 µg/ml PMSF plus one tablet of Complete™ Mini Roche per 10 ml 
of buffer). Briefly, 70 hydra were washed once with sterile HB, once with buffer A (25 mM 
Hepes pH 7.6, 300 mM NaCl, 1.5 mM MgCl2, 0.2 mM EDTA, 0.1% Triton x100, 0.5 mM 
DTT) and resuspended in 70 µl buffer A before getting homogenized by 15 to 20 strokes in a 
500 µl glass douncer. The homogenate was centrifuged at 10000 g for 10 min at 4°C and the 
supernatant was frozen in liquid nitrogen and stored at -80°C. Protein concentration was 
approximately 2 µg/µl. 
Purification of CREB-binding proteins: The 6HIS-CREBcv fusion protein was produced in 
E.Coli (Galliot et al., 1995) and bound on Ni-agarose beads (Qiagen) previously washed in 
buffer B (50 mM NaPhosphate buffer pH 8, 300 mM NaCl). For each condition, 10 µg of 
CREB protein were added to 20 µl pelleted beads and incubated at 4°C for 1 hour. After 
binding, beads were washed twice in buffer C (20 mM Hepes pH 7.6, 45 mM NaCl, 2.5 mM 
MgCl2, 0.1 mM EDTA, 0.05% Triton x100, 0.5 mM DTT, 20 mM β-glycerophosphate, 0.1 
mM Na3VO4) and resuspended in 40 µl buffer C. 30 µg of WCE were added and buffers were 
adjusted to be final 20 mM Hepes pH 7.6, 85 mM NaCl, 2.5 mM MgCl2, 0.1 mM EDTA, 
0.06% Triton x100, 0.5 mM DTT, 20 mM β-glycerophosphate, 0.1 mM Na3VO4, 8 mM NaF, 
5 mM Na-pyrophosphate, in a final volume of 250 µl (binding buffer). After 2 hours of 
rotation at 4°C, beads were washed twice in 0.4 ml of buffer D (20 mM Hepes pH 7.6, 50 mM 
NaCl, 2.5 mM MgCl2, 0.1 mM EDTA, 0.05% Triton x100). 
In gel kinase assay (GKA): CREB-binding proteins were eluted in 20 µl Laemmli's buffer 
upon boiling for 5 min and separated from beads by a short spin before being loaded on a 
freshly prepared 10% SDS polyacrylamide gel containing either myelin basic protein (MBP, 
Life Technologies) or 6His-CREB protein as a substrate (140 µg/ml). After migration (15 
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volts/cm), the gel was washed twice 30 min in 400 ml 20% 2-propanol in buffer E (50 mM 
Hepes pH 7.6, 5 mM β-mercaptoethanol) and twice 30 min in 400 ml buffer E. Denaturation 
of proteins was performed by treating the gel in 200 ml of buffer E containing 6 M guanidine 
hydrochloride for one hour. Renaturation was performed by washing the gel in buffer E, 
0.05% Tween-20 at 4°C over a period of 20 hours (4x 500 ml). The gel was then incubated for 
30 min in 250 ml kinase buffer (25 mM Hepes pH 7.6, 10 mM MgCl2, 90 µM Na3VO4, 5 
mM β-mercaptoethanol) and the kinase reaction was performed for one hour at 30°C in kinase 
buffer containing 25 µCi/ml of 32P-γATP (3000 Ci/mmol). After kination, the gel was 
extensively washed at RT over 20 hours in 5% TCA, 1% Na-pyrophosphate (5x 300 ml), 
dried and exposed to autoradiography.  
Solid phase kinase assay (SPKA): Preparation of WCE and CREB-binding purification were 
performed as previously described: 5 µg WCE per condition were incubated in the presence of 
40 µl CREB-loaded beads. The agarose beads were then washed twice in 500 µl buffer D, 
resuspended in 30 µl kinase buffer (20 mM Hepes pH 7.6, 20 mM MgCl2, 20 mM β-
glycerophosphate, 0.1 mM Na3VO4, 2 mM DTT) and incubated in the presence of 0.5 µCi 
32P-γATP (3000 Ci/mmol) for 5 min at 30°C. The reaction was terminated by washing in 500 
µl buffer D. CREB-binding proteins were then eluted in 25 µl Laemmli's buffer pH 6.8 upon 
boiling for 3 min and loaded on a 15% SDS denaturing minigel. After migration, the gel was 
dried and exposed for autoradiography. Inhibitors and competitors were the following: PKC 
inhibitor: bisindolylmaleimide I HCl (Bim), 0.1 to 4 µM; PKC substrate: Ser 25 peptide 19-
31, 0.42 mM; Cam KII inhibitor: KN-62, 4 µM; Cam KII substrate: Autocamtide-2, 0.436 
mM; ERK/MAP-kinase substrate: H-Ala-Pro-Arg-Thr-Pro-Gly-Arg-Arg-OH, 0.689 mM (all 
products from Alexis); heat-stable inhibitor of PKA: PKI 9U per reaction (Biolabs). 
Phosphatase assay: 10 µg of WCE prepared as described in (Gallet et al., 1999) were treated 
with the Ser/Thr PP1 or the Tyr TC-PTP phosphatases (Biolabs) for 40 minutes at 30°C. The 
reaction was terminated by adding Laemmli’s buffer, boiling and half of each sample was 
loaded onto a 12% PAGE. 
Western analysis and antibodies: 5 to 10 µg of WCE or 20 µg of NE were either loaded on 
12% PAGE or, when indicated, purified on CREB-bound NTA agarose beads, washed and 
eluted as previously described. Following antibodies were used for Western analysis 
(Roberson et al., 1999): anti-hydra CREB 81524 (1/1000 (Galliot et al., 1995), anti-6xHis-
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tagged proteins (1/2000 QIAGEN), anti-actin (1/10000 Amersham), anti-phospho-Ser133 
CREB 123-136 (1/1000 Upstate Biotechnology), anti-phosphoTyr (1/100 Upstate 
Biotechnology) and anti-panRSK (1/500, Transduction Laboratories). The polyclonal anti-
hydra cPKC1 antibody was raised against the gel-purified 6His-cPKC1a(1-670) fusion 
protein produced in E.Coli (MH, HS, unpublished), and used after purification over a protein 
A sepharose column (BioRad) at the 1/1000 dilution. 
Immunoprecipitation (IP): 40 µl of α-sepharose beads were washed twice in 1 ml buffer B 
and incubated in the presence of hydra CREB antiserum (1/1000) in 250 µl buffer B for 1h at 
4°C. The beads were then washed twice in 1 ml buffer C, 25 µg of WCE were added and the 
binding was carried out in 250 µl binding buffer as described above. The IP products were 
then processed for the SPKA. 
RESULTS 
The hydra CREB protein is a phosphoprotein 
The hydra CREB gene was cloned from two hydra species (Galliot et al., 1995) and the 
deduced protein sequences showed high level of conservation not only in their DNA-binding 
(BD) and leucin zipper (LZ) domains but also in their kinase inducible domain (KID). Indeed 
consensus phosphorylation sites for PKA, PKC, CamKII, RSK and ERK/MAP kinase (Hardie 
and Hanks, 1995) were found, located either in the KID or at conserved positions when 
compared to the vertebrate CREM and/or CREB sequences (Figure 1A). In order to verify 
that the consensus phosphorylation sites were functional, we performed kinase assays using 
the hydra 6His-CREB protein as a substrate for purified enzymes. These assays proved that 
the hydra CREB protein is a substrate for PKA (Figure 1B), CaMKII and bovine PKC (not 
shown). In hydra nuclear (NE) and whole cell extracts (WCE), two different isoforms were 
detected with the specific anti-hydra CREB 81524 antiserum (Galliot et al., 1995) migrating 
as 30 and 32 Kd bands (Figure 1C). In WCE, each of these isoforms exhibited a slower 
migrating product that vanished when treated with the PP1 ser/thr phosphatase but to a lesser 
extent with the TC-PTP tyr phosphatase (Figure 1C). When WCE were immuno-precipitated 
with the hydra CREB antiserum and then tested in a solid phase kinase assay (SPKA) in the 
absence of any additional enzymatic source, a phosphorylated product was detected at the 
expected size (Figure 1D, lane 2), contrarily to the preimmune serum (lane 1). This result 
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implies that products immunoprecipitated together with the hydra CREB protein contain 
CREB kinases.  
The 6His-CREB protein was produced in E.coli and two forms migrating as 30 and 20 Kd 
(C30 and C20), were detected with the anti-His antibody, implying that these bands 
corresponded to the 6His-CREB protein, full length and truncated products respectively (not 
shown). When these two 6His-CREB proteins were incubated in the presence of hydra 
CREB-binding proteins in a SPKA, we could detect both phosphorylated forms indicating 
that CREB-binding proteins include efficient CREB kinases in vitro (Figure 1D, lanes 3,6). 
An additional phosphorylated product migrating as a 80 Kd band (p80) was also detected in 
this assay. When the SPKA was followed by a Western assay using the anti-phosphoSer133 
CREB, the phospho-CREB form but not the p80 was detected (Figure 1D, lane 4). Finally, the 
unique consensus Tyr kinase site located in the binding domain was weakly functional in 
vitro, as evidenced by the SPKA-phosphorylated C30 6His-CREB form detected by an anti-
phosphoTyr antibody (Figure 1D, lane 5). These data demonstrate that the hydra CREB is a 
phosphoprotein where the Ser67 located in the KID is functionally equivalent to the Ser133 or 
Ser117 found in the vertebrate CREB and CREM proteins respectively. 
The hydra CREB protein is hyper-phosphorylated during hydra 
head-regeneration 
As evidenced by the weaker signals noted in the Western analysis of phosphatase-treated 
extracts (Figure1C, lanes 5-8), the anti-hydra CREB serum 81524 detected both the 
phosphorylated and the unphosphorylated forms of CREB. We tested WCE prepared from 
total (uncut) or regenerating hydra and noted in the head-regenerating lower halves a stronger 
CREB signal than that noted in the foot-regenerating upper halves (Figure2A) suggesting a 
difference in CREB amount or in CREB phosphorylation status. When these extracts were 
incubated in the presence of phosphatase inhibitors, then the CREB signal from the foot-
regenerating upper halves became stronger, showing a similar intensity with that of the head-
regenerating lower halves (Figure2B, compare lanes 3 and 5). Moreover when nuclear 
extracts prepared from total or regenerating animals were assayed in Western analysis with 
the anti-phospho CREB antibody, the CREBα isoform was detected in the extracts prepared 
from the head-regenerating lower halves but not in the extracts prepared from uncut animals 
or foot-regenerating upper halves (Figure2C, arrow). When these extracts were treated with 
the PKA enzyme, this isoform was detected with a similar intensity in the three extracts. 
 - 9 - 
These results suggest that the balance between kinase and phosphatase activities that regulate 
CREB phosphorylation levels after mid-gastric section, are different in the upper and lower 
stumps. 
Characterization of CREB-binding kinase activities  
Some hydra strains or hydra mutants display very different regenerative capacities, i.e. Hydra 
vulgaris (H.v.) and Hydra magnipapillata (H.m. strain 105) display similar kinetics in contrast 
to the reg-16 mutant and Hydra oligactis (H.o.), which show reduced head and foot 
regeneration abilities respectively (Hoffmeister, 1991; Sugiyama and Fujisawa, 1977). These 
four hydra species were used for preparing WCE, from which CREB-binding proteins were 
purified and subsequently assayed for their kinase activities. Two distinct kinase assays were 
performed (Hibi et al., 1993), the "in-gel kinase assay" (GKA), performed directly in the gel 
after electrophoresis size separation, that detects both size and the level of each CREB-
binding kinase activities and the solid phase kinase assay (SPKA). This latter assay analyzes 
in the presence of the complete set of CREB-binding proteins, the level of phosphorylated 6-
His CREB as well as that of highly phosphorylated CREB-binding proteins. In GKA, at least 
five main activities were detected ranging from 25 to 120 Kd bands that, except the p25, 
disappeared when the CREB protein was omitted at the binding step (Figure 3A). Among 
those, the p80 kinase showed different levels of activity in the four hydra species examined in 
the absence of regeneration: low in the H.v. and H.o. extracts but high in the H.m. and the 
head-regeneration deficient reg-16 mutant extracts (Figure 3B lanes 7, 14, 21, 28).  
Spatial regulation of CREB-binding kinase activities during 
regeneration 
Head and foot regeneration display different kinetics according to the level of cutting 
(MacWilliams, 1983), i.e. head regeneration will be faster after decapitation than after mid-
gastric bisection. To investigate the regulation of CREB-binding kinases along the body axis 
during early regeneration, we prepared extracts from H.v., H.o., H.m. and the mutant reg-16, 
one hour after bisecting either at level 1 (decapitation, 20%) or at level 2 (mid-gastric, 50%) 
or at level 3 (sub-peduncle, 80%). Results of GKA are depicted in Figure 3B. During head 
regeneration of H.v., H.o. and H.m., the relative strongest levels in p80 kinase activity were 
observed in the basal stumps which resulted from level 3 of bisection (lanes 6,13,20), the 
furthest away from the head regions. In contrast, the head-regenerating stumps formed after 
decapitation or mid-gastric section showed lower or even barely detectable p80 kinase activity 
(lanes 2,4,9,11,16,18). Thus the p80 kinase displayed a similar regulation in the three head-
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regenerating species, with the maximal value noted when head regeneration is initiated close 
the foot region. In the reg-16 mutant, we recorded very strong levels of p80 kinase activity in 
extracts from intact (lane 28) as well as regenerating animals (lanes 22-27) but no clear 
modulation along its body axis. Thus in the regeneration-deficient reg-16 mutant, the p80 
kinase regulation was significantly altered when compared to that observed in fully 
regenerating species. During foot regeneration, a clear inverted graded p80 kinase activity was 
noted along the body axis in H.v., the activity being highest in the stumps resulting from 
decapitation (lanes 1,3,5). However this graduation of p80 kinase activity was flattened in 
H.o., and absent in H.m. and reg-16. All these CREB-binding proteins analysed in GKA 
showed similar signal intensities when assayed in a parallel Western analysis using an anti-
actin antibody (Figure 3B, lower panels), proving that similar amounts of proteins were 
loaded.  
In order to check that these modulations were specifically induced upon regeneration, we 
prepared extracts from apical and basal halves in the absence of regeneration: hydra were first 
deep-frozen in nitrogen and then bisected at mid-gastric position. Among CREB-binding 
proteins purified from freeze-cut animals, the p80 and p120 kinases displayed similar 
activities in extracts prepared from either uncut animals, or regenerating halves (Figure 3C 
and not shown). This proves that, the spatial variations in kinase activities we observed after 
mid-gastric section, were not pre-existing in the intact hydra but rather induced upon 
regeneration.  
Temporal regulation of CREB-binding kinase activities during 
regeneration 
In order to test the kinetics of the CREB-binding kinase modulations during head and foot 
regeneration, we prepared WCE at various time points from 20 minutes to 9 hours after mid-
gastric section of H.v. and H.o. and carried out kinase assays after CREB-binding purification. 
Significant and concordant modulations of several CREB-binding kinases were observed in 
both GKA and SPKA (Figure 4A-D): first, as early as 20 minutes after cutting, the p80 kinase 
activity was enhanced during head regeneration but drastically reduced during foot 
regeneration. Second, a p100 kinase activity, was now detected at low levels in H.v. apical 
halves undergoing foot regeneration but absent in basal halves undergoing head regeneration 
(Figure 4A, lanes 2, 4, 6, 8). In addition, in H.o., a species deficient for foot-regeneration 
(Hoffmeister, 1991), this p100 kinase activity was only briefly detected in extracts prepared 
from apical halves, one hour after bisection, being undetectable at other time points (Figure 
4A, lanes 12, 14, 16, 18). Thus the regulation of the p100 kinase activity might be linked to 
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foot regeneration. Finally, the p120 kinase activity was stable or slightly enhanced during 
head regeneration, while showing decreasing activity during foot regeneration in H.v. This 
decrease was not observed in apical halves of H.o. Hence, within the first hours following 
bisection, we could detect among CREB-binding proteins three distinct kinase activities that 
displayed a temporal regulation, specific for either head or foot regeneration.  
When the same extracts were analyzed in the SPKA, the 6His-CREB phosphorylation levels 
were found reduced in apical halves, either from the foot-regenerating H.v. (Figure 4B 
compare lanes 1-4 to lanes 6-9) or from the foot-regeneration deficient H.o. (lanes 11-14 to 
lanes 16-19). As previously mentioned, a second phosphorylated product was detected as a 80 
Kd band in this assay. This p80 band exhibited strong modulations in phosphorylation levels: 
low or not detectable during foot-regeneration but very high during head regeneration. Since 
in both types of kinase assays, a p80 band showed a similar regeneration-specific regulation, 
we postulated that this 80 Kd phosphorylated product detected in SPKA corresponded to the 
p80 kinase detected in GKA. In GKA, this CREB-binding p80 activity can result from 
autophosphorylation (see Figure 6A), suggesting a similar process in SPKA. Finally, CREB-
binding proteins from the same extracts were tested in parallel in SPKA and Western analysis 
proving that differences in phosphorylation levels were not due to differences in loading 
(Figure 4C) and showing an increase in Ser67 phosphorylation level in head-regenerating 
extracts (Figure 4D).  
p80 and CREB phosphorylation show similar modulations when 
regeneration is altered 
However, the comparison of temporal and spatial analyses in H.v. brought some contradictory 
results. Indeed, in temporal analysis, activation of the p80 kinase in head-regenerating stumps 
but clear repression in foot-regenerating stumps (Figure 4A, lanes 4, 5) was observed after 
mid-gastric section, whereas in the spatial analysis, the reverse was observed (Figure 3B, 
lanes 3, 4). These experiments were repeated several times and always provided the same 
result. The two experiments were performed in identical conditions except that in the spatial 
analysis, a higher number of animals (approximately twice) were taken in order to get the 
same amount of proteins from the smallest stumps. As the sectioning procedure was always 
performed in the same volume, the density of regenerating animals was about twice in the 
spatial analysis. This suggested that the regenerating stumps were highly sensitive to the 
concentration of the factors released by the animals upon sectioning, and that these factors 
could modulate directly or indirectly the p80 CREB-binding kinase activity. In order to test 
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this hypothesis, we carried out regeneration experiments where volume per sectioned animal 
varied from 1 to 30 fold (Figure 5). In corresponding volumes, animals were bisected at mid-
gastric level and left for one hour for regeneration, before heads and feet were sorted out and 
analyzed by SPKA (Figure 5A). In the most concentrated condition (0.1 ml/hydra, lanes 2, 3), 
the p80 and CREB phosphorylation levels were high in the foot-regenerating halves but low 
in the head-regenerating halves. In contrast, this difference was found inverted in every other 
conditions, when hydra were allowed to regenerate in a larger volume (compare lanes 2, 3 to 
4-9). Thus a 2.5x dilution factor was sufficient to dramatically alter the response of the two 
stumps. At the concentration of 1 ml per hydra (lanes 6, 7), the difference was maximal, with 
the lowest levels in p80 and CREB phosphorylation observed in foot-regenerating halves and 
the highest levels in head-regenerating halves. In a complementary experiment, WCE from 
one hour regenerating hydra (standard conditions) were pretreated for one hour at 30°C in the 
presence of supernatants collected after regeneration was performed at various dilutions 
(Figure 5B). The SPKA was then carried out as usual. As expected, high concentrations of 
factors released upon bisection significantly increased the p80 and CREB phosphorylation 
levels of the foot-regenerating halves (lanes 2-5), without affecting however those observed in 
the head-regenerating halves (lanes 6-9). Finally, we noted that when proteinase inhibitors 
were added in the hydra medium during the regeneration time, the p80 phosphorylation levels 
were increased in lower halves regenerating their head at the 0.1 ml/hydra condition (Figure 
5C). These results prove first that the head- and foot-regenerating halves are highly sensitive 
to the factors that are released upon amputation. Secondly, the concentration of factors 
released upon bisection affects in a similar way the p80 and CREB phosphorylation levels in 
vitro. Thirdly when exposed to the same external signals, intra-cellular pathways that involve 
the p80 and CREB proteins, are differently targetted in head- and foot-regenerating halves.  
In order to see whether such biochemical modifications correlate with alterations in the 
kinetics of head or foot regeneration, we let regenerate the animals bisected in the above 
conditions. From 40 hours after bisection, we scored first the number of attached animals 
exhibiting foot regeneration, second the emergence of tentacle rudiments for head 
regeneration (Figure 5D). In both cases, a significant delay in regeneration was observed in 
conditions were hydra were kept in small volumes. Strikingly, the highest regeneration speed 
was observed at the dilution of 1 ml per hydra that corresponded to the lowest and the highest 
values of p80/CREB phosphorylation levels observed in foot- and head-regenerating halves 
respectively. Thus variations in concentration of released substances by the animals were able 
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to significantly and rapidly modify the level of p80/CREB phosphorylation as well as the 
kinetics of the regeneration process.  
Characterization of the p80 CREB-binding kinase 
Different substrates were used in GKA to test kinase activities present in CREB-binding 
proteins: CREB, myelin basic protein (MBP) or no substrate at all. Surprisingly, very similar 
patterns were observed either in the presence of MBP (Figure6A, lane 1) or CREB (not 
shown) as substrates, or in the absence of substrate in the gel (lane 2). However, the p25 
kinase was not detected in these latter conditions. Thus, as shown in Figure 3A, the CREB-
binding step is a prerequisite for the detection of the p80 kinase activity, but the detection of 
its activity in the absence of substrate implies that the p80 CREB-binding kinase can 
autophosphorylate.  
In order to further characterize the p80-phosphorylated product detected in SPKA and GKA, 
we performed SPKA in the presence of inhibitors or competitors for PKC, PKA, CaMKII or 
ERK/MAPK (Figure 6B). The addition of either a PKC substrate as competitor or a PKC 
inhibitor significantly reduced the phosphorylation levels of p80 and CREB, although less 
drastically concerning CREB (lanes 2,5,6,7,11). However, CREB phosphorylation level was 
also affected by the PKA inhibitor (lane 3) whereas that of the p80 was affected by the 
ERK/MAPK competitor (lane 8). Finally, CREB and p80 phosphorylation levels were only 
slightly altered in the presence of CaMKII competitor or inhibitor (lanes 9,10). At increasing 
concentrations of PKC inhibitor, a progressive decrease of p80 and 6His-CREB 
phosphorylation levels was observed (Figure 6C, lanes 1-5). When PKC activators were 
added during CREB-binding and kination steps, a specific increase in the p80 phosphorylation 
levels was noted upon addition of Ca
2+
 and DAG/phospholipids (Figure 6C, compare lanes 8-
10 to lane 6). These results imply that the observed modulations in the p80 phosphorylation 
levels rely on a PKC-like activity. However, even when the p80 kinase phosphorylation was 
abolished, the 6His-CREB remained phosphorylated at a detectable level proving that CREB 
was also an effective substrate for additional kinases present among CREB-binding proteins, 
including PKA.  
Finally, the anti-cPKC1 antibody, raised against the hydra 6His-cPKC1 fusion protein, was 
tested in Western analysis of CREB-binding proteins purified from WCE but detected several 
signals migrating as 80, 76 and 62 Kd bands (not shown). In contrast, the pan-antiRSK 
antibody detected two bands in CREB-binding proteins purified from NE, migrating as 80 and 
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48 Kd approximately (Figure 6D, lanes 4-6). In WCE, the p80 band was present but hardly 
detectable (lanes 1-3), suggesting a predominant nuclear localisation. Thus, the p80 CREB 
kinase that displays autophosphorylation and a phosphorylation status depending on PKC-like 
activity, might be a member of the RSK family. 
 
 
DISCUSSION 
Immediate spatial regulation of CREB-binding kinases during 
regeneration 
We had previously shown that the DNA-binding activity of CREB is dramatically altered 
during early regeneration (Galliot et al., 1995). Therefore, in order to get some understanding 
of initial molecular mechanisms leading to hydra regeneration, we investigated the 
phosphorylation status of the CREB protein in regenerating hydra and we characterized 
kinases that show modulations of their activity at the earliest stages of regeneration. Among 
CREB-binding proteins, we could characterize by GKA three main kinase activities that 
showed different regulations during early head and/or foot regeneration (Figure 4): During 
foot regeneration, the activities of the p120 and p80 kinases were repressed and that of the 
p100 kinase enhanced, whereas the p80 kinase showed enhanced activity during head 
regeneration. These regulations, which were recorded over the first nine hours of regeneration 
in H.v., could be detected as early as 20 minutes after bisection in case of the p100 and p80 
kinases, but were not observed in freeze-cut hydra. When we analyzed the spatial regulation 
of the respective CREB-binding kinase activities by cutting animals at different levels along 
the hydra body column, we found that the bisection level strongly affected the regulation of 
the p80 kinase activity, although differently in head- or foot- regenerating stumps (Figure 2). 
In head-regenerating stumps of the three species H.v., H.o. and H.m., the highest p80 kinase 
activity was observed after sub-peduncle bisection. In contrast, such modulations were not 
observed in the reg-16 head deficient mutant. Finally, the p80 regulation after mid-gastric 
section was highly dependent on the concentration of released factors. The fastest 
regeneration speed was achieved when animals were kept in a relatively low dilution (1 
ml/hydra) and when the observed p80 and CREB phosphorylation levels were low in the foot-
regenerating stumps but high in the head-regenerating stumps (Figure 7). Thus an appropriate 
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modulation of the p80 CREB-binding kinase activity is likely required for efficient 
regeneration. 
Modulations of CREB phosphorylation and CREB-binding kinase 
activities are immediate events during hydra regeneration 
Grafting experiments have shown that, during regeneration, the head organizer activity could 
be assessed by measuring the ability of regenerating tips to induce a secondary head in the 
host (Berking, 1979; MacWilliams, 1983). After several hours of post-cutting inhibition, head 
organizer activity is progressively reestablished at the regenerating tip reaching a plateau level 
about 9 hours after mid-gastric section. Two different components for head organizer activity 
were distinguished: an early labile one, decaying rapidly after 12 hours, found confined to the 
apex of regenerating tip and, a later more stable one, distributed as a gradient from the 
regenerating tip, and requiring the determination of novel nerve cells (MacWilliams, 1983). 
At the gene expression level, some genes are immediately turned on at the wound surface 
(thus named “immediate genes”), while the “immediate-early” genes start to be expressed 
within the first two hours, most often in endodermal cells of the stump (Technau and Bode, 
1999; Gauchat et al., 2000; Hobmayer et al., 2000). Both, immediate and immediate/early 
genes are detected in head- and foot-regenerating stumps. In contrast, those appearing few 
hours later (the “early” genes) are expressed in a head- or foot-restricted manner (Hermans-
Borgmeyer et al., 1996; Martinez et al., 1997; Gauchat et al., 1998). In many cases, expression 
of immediate/early genes like Hy-Bra1 (Technau and Bode, 1999), cnox-1 (Gauchat et al., 
2000), Tcf, Wnt (Hobmayer et al., 2000), CREB (Kaloulis and BG, unpublished), is 
progressively extinguished in the foot-regenerating stumps but maintained in head-
regenerating stumps, those genes becoming then early head-specific genes. Thus the observed 
modulations of CREB phosphorylation and p80 CREB-binding kinase precedes induction of 
head- or foot-specific gene expression and might be involved in either the activation or the 
repression of these early genes. As such, these kinase activities we have detected among 
CREB-binding proteins, might be involved in the establishment of the polarity in the 
regenerating stump, representing an initial and labile (lost upon transplantation) component of 
the organizer activity.  
Tightly-tuned regulation of the p80 CREB-binding kinase  
At the enzymatic level, we found that the p80 CREB-binding kinase is equally active in upper 
and lower halves of freeze-cut animals (Figure 2C). Thus the asymmetrical modulations of its 
activity observed immediately after bisection suggests that an asymmetrical distribution of 
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regulators is directly or indirectly, responsible for this modulation. This asymmetrical 
distribution is likely pre-established along the body column of intact polyps and would affect 
the CREB pathway upon sectionning. This mode of regulation would be in agreement with the 
graduated regulation of the p80 kinase observed when bisection was performed at distinct 
levels along the body axis. Indeed during head regeneration, high levels of p80 kinase activity 
were recorded only in conditions where bisection took place at mid-gastric or more basal 
positions, whereas low levels were recorded when bisection took place in the apical half of the 
animal, at positions where the head will regenerate faster. Accordingly, molecular 
mechanisms involved in head regeneration are different after either decapitation or mid-
gastric section (Technau and Holstein, 1995).  
As evidenced by the dramatic modifications in the p80 phosphorylation noted in the presence 
of diluted or ten fold concentrated endogenous released substances (Figure 5), some of these 
regulators are likely molecules that are released in the extra-cellular medium. These in vitro 
data suggest that the regenerating stumps, at the time they are wounded, read and interpret the 
concentration of released substances to which they are exposed. However it should be noted 
that the same concentration of released substances obviously lead to a different reading and 
interpretation in apical and basal stumps. The fact that addition of proteinase inhibitors could 
rescue the p80 phosphorylation level in head-regenerating stump (Figure 5C), suggest that 
proteinase activities or their regulators released upon bisection are involved in this regulation. 
In fact, at least three different proteinases affect head or foot development as demonstrated by 
specific antisense assays that lead to either head or foot regeneration blockade (Leontovich et 
al., 2000; Yan et al., 2000b; Yan et al., 2000a). In addition, in zymogram analyses, high 
molecular weight proteinase activities show an asymmetric distribution along the body axis, 
maximal in the upper part of the body column (MH, unpublished data). Beside proteinases, 
the head activator binding protein (HAB) that behaves as a HA receptor, is also differentially 
expressed along the body column and released at the time of bisection in the medium (Hampe 
et al., 1999). Thus these molecules that are released upon bisection and display a differential 
distribution of their activity along the body column, are candidates to participate in the 
observed immediate regulation of the CREB pathway.  
The CREB pathway in cnidarians 
CREB and CREM genes encode highly evolutionarily conserved transcription factors, which 
are involved in the mediation of a large variety of extra-cellular signals to the nucleus (see 
(Shaywitz and Greenberg, 1999). CREB/CREM family members have been implicated in 
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diverse physiological and developmental functions in bilaterians, including learning and 
memory (Abel and Kandel, 1998), liver regeneration (Servillo et al., 1997), dorso-ventral 
patterning in Drosophila (Andrew et al., 1997) and Xenopus embryogenesis (Lutz et al., 
1999). Their immediate regulation is highly dependent on post-transcriptional processes, 
namely phosphorylation at the KID, a domain that is perfectly conserved in the hydra CREB 
protein. During regeneration, we could detect in Western analysis high phosphorylation levels 
of CREB in head-regenerating stumps, but lower ones in foot-regenerating stumps. This 
difference in phosphorylation levels was abolished by phosphatase inhibitors or PKA 
treatment of foot-regenerating extracts that then showed high CREB phosphorylation levels. If 
these results obtained in vitro suggest that CREB post-translational regulation occurs early 
during regeneration, being submitted to the p80 CREB-binding kinase that is itself differently 
regulated in apical and basal stumps. Hence the post-translational regulation of the CREB 
transcription factor described in bilaterians is likely at work in cnidarian species during the 
early phase of regeneration.  
In this paper, we focused on in vitro studies of the p80 CREB-binding kinase that appears as a 
major regulator of the CREB phosphorylation status in hydra tissues during early 
regeneration. This kinase that displays autophosphorylation and PKC-like activity was 
recognized in Western analysis by the anti-panRSK antibody, predominantly in nuclear 
extracts. In bilaterians, CREB phosphorylation relies on direct interaction with PKA, CaMKII 
and CaMKIV (reviewed in (Shaywitz and Greenberg, 1999) but also on the different RSK 
kinases that respond to neurotransmitters, growth factors through the RAS-MAP kinase 
pathway to target early gene activation (Xing et al., 1996; Pende et al., 1997; Xing et al., 
1998; De Cesare et al., 1998; Pierrat et al., 1998; Roberson et al., 1999). These RSK kinases 
are capable of autophosphorylation via an intramolecular mechanism [Fisher, 1996 #51]. They 
contain two highly conserved active kinase domains, the N-terminal domain supporting a 
PKC-like activity [Frodin, 1999 #49]. Finally, they show a regulated nuclear localisation was 
[Pierrat, 1998 #45; Frodin, 1999 #49]. In hydra, two ras genes have been isolated [Bosch, 1995 
#48] but not MAP and RSK kinases yet. Thus our approach concerning the possible regulation 
of CREB activity upon the MAP/RSK pathway during hydra regeneration might help 
understanding highly evolutionarily-conserved molecular mechanisms that underly ancestral 
developmental pathways. 
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LEGENDS 
 
Figure 1. The hydra CREB protein is a phosphoprotein. A) Map of the two hydra CREB 
deduced proteins. Evolutionarily-conserved domains and consensus sites for phosphorylation 
have been indicated, those boxed in gray show conserved positions with the vertebrate CREM 
or CREB proteins. B) Western analysis of 6His-CREB bound to Ni-agarose beads (1 µg per 
lane) and treated with various amounts of PKA for 15 minutes at 30°C in the presence of 32P-
γATP. Detection of the radioactive phosphorylation level is shown in the upper panel. Kemp: 
kemptide 50 µM, PKI: PKA inhibitor 9 units. C) Phosphatase treatment (lanes 2-5) of H.v. 
WCE followed by anti-hydra CREB Western analysis, +: presence of phosphatase inhibitor 
(Na3VO4 5mM). D) Kinase assay (SPKA) performed on products immunoprecipitated with 
the pre-immune (PIS, lanes 1) or immune (IS, lane 2) CREB antiserum in the presence of H.v. 
WCE. The resulting phosphorylated product (lane 2) is indicated with an arrow. H.v. CREB-
binding proteins were analysed by SPKA (lanes 3, 6) and Western analysis using the anti-
phospho-Ser133 CREB (P-Ser133, lane 4) and the anti-phosphotyrosine (P-Tyr, lane 5) 
antibodies. C30, C20: full length and truncated forms of the hydra 6His-CREB fusion protein.  
Figure 2: CREB phosphorylation status in regenerating hydra. A) Western analysis of WCE 
prepared 20 minutes, 5 and 9 hours after mid-gastric section. B) Western analysis of the 5 
hours extracts shown in A after a 30 minutes incubation at 30°C (lanes 3-6) in the presence of 
Na3VO4 5mM (phosphatase inhibitor, PhI, lanes 5,6) or not (lanes 3,4); lanes 1,2: no 
incubation. C) Western analysis of NE prepared 2 hours after mid-gastric section either treated 
or not (lanes 1-3) for 30 minutes with 25 units of PKA (lanes 4-6). Up: foot-regenerating 
upper halves; low: head-regenerating lower halves. The arrow points to the CREB isoform 
 - 21 - 
that is not phosphorylated in total (T) or foot-regenerating untreated animals. Anti-PCREB: 
anti Ser133-phosphoCREB antibody; anti-hyCREB: anti hydra CREB antibody.  
Figure 3: Spatial regulation of CREB-binding kinases during early regeneration. A) H.v. WCE 
were assayed in GKA after purification on Ni-agarose beads loaded (+) or not (-) with 6His-
CREB. B) GKA showing the variations in p80 kinase activity according to the level of 
sectioning along the body column in four different hydra species; level 1= decapitation, level 
2= mid-gastric, level 3= sub-peduncle. WCE were prepared one hour after bisection. C) GKA 
showing similar levels in CREB-binding kinase activities in WCE prepared from non-
regenerating hydra that were frozen before bisection.  
Figure 4. Temporal regulation of CREB-binding kinases during regeneration. A) Modulations 
of kinase activities (GKA) detected among CREB-binding proteins purified from WCE 
prepared at various time points of either head- (lanes 3,5,7,9,13,15,17,19) or foot- (lanes 
2,4,6,8,12,14,16,18) regeneration. B) The same extracts as in A were assayed in SPKA to 
evaluate the modulations in p80 and CREB (C30) phosphorylation levels. C, D) Independent 
regeneration experiments where CREB-binding proteins from foot- (lane 1) and head- (lane 2) 
regenerating halves were analysed by both SPKA (upper panels) detecting the p80 and CREB 
(C30, C20) phosphorylation levels, and in parallel Western analysis (lower panels) using 
either the anti-actin (C) or the anti-phospho-Ser
133
 CREB (D) antibodies.  
Figure 5: Modulations of the p80 and CREB phosphorylation levels by the concentration of 
endogenous factors released by the stumps. A) Kinase assay (SPKA) testing H.v. CREB-
binding proteins purified from WCE prepared from 40 hydra that were allowed to regenerate 
in 4 ml (lanes 2,3), 10 ml (lanes 4,5), 40 ml (lanes 6,7) or 120 ml (lanes 8,9). Both p80 
(arrow) and CREB (C30) display similar variations in phosphorylation levels according to the 
hydra density in the medium where animals were bisected (mid-gastric) and left for one hour. 
B) SPKA showing the modulations in the p80 phosphorylation levels observed after pre-
incubation of either the foot- or the head-regenerating extracts for one hour at 30°C in the 
presence of the different supernatants described in A. Those two H.v. extracts were prepared 
one hour after mid-gastric section performed in standard conditions (0.5 ml/hydra). C) Hydra 
bisected either in a small volume (0.1 ml/hydra) or in a larger one (1 ml/hydra) were left for 
one hour in medium containing (+) or not (-) the proteinase inhibitors (mix 2, E64 5 µM -
Sigma E3132-, PMSF 100 µg/ml). CREB-binding extracts were prepared from the head-
regenerating halves and tested in SPKA. D) Regeneration kinetics of H.v. animals bisected 
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(mid-gastric) in varying volumes and left without changing the medium for 3 days. For foot 
regeneration (left panel), attachment to the dish signed the regeneration of a functional foot, 
for head regeneration (right panel), appearance of tentacle rudiments was recorded.  
Figure 6: Characterization of the p80 CREB-binding kinase. A) The p80 kinase displayed 
similar levels of activity when H.v. extracts were tested in GKA in the presence (+) or absence 
(-) of MBP in the gel. The p80 kinase activity was very low in daily fed animals (1d) when 
compared to starved animals (4d). B) SPKA testing CREB-binding proteins from uncut H.v. 
in the presence of inhibitors for PKC (bisindolylmaleimide, Bim 3 µM, lanes 2, 6, 7, 11), 
PKA (PKI 9 units, lane 3) and CaMKII (KN-62 4 µM, lanes 9-11) and/or competitors for 
PKC/RSK (PKCs 0.42 mM lanes 5, 6), ERK/MAP kinases (ERKs 0.69 mM lane 8) and 
CaMKII (autocamtide-2 0.436 mM lane 10) 63x, 100x and 64x in excess to 6His-CREB 
respectively. Lane 1: control lane for 2,3; lane 4: control lane for 5-11. C) SPKA testing the 
same extract in the presence of either increasing amounts of Bim added from the CREB-
binding step (0.05 µM to 4 µM, lanes 2 to 5), or Ca2+ (lanes 8, 10, 11) and DAG-
phospholipids (DAG-PL, lanes 9-11) added during the kinase reaction. D) Detection of a p80 
band (arrow) by the pan anti-RSK antibody in Western analysis of H.v. CREB-binding 
proteins purified either from WCE (lanes 1-3) or from NE (lanes 4-6) prepared from total (T), 
foot-regenerating (Up) or head-regenerating (Low) animals 8 hours after bisection. 
Figure 7: Scheme depicting the p80 kinase activity (hatched) along the hydra body column in 
non-regenerating (upper panel), head-regenerating (middle panel) and reg-16 head-deficient 
regenerating (lower panel) hydra. In the head-regenerating hydra, two types of regulations of 
the p80 CREB-binding kinase are shown according to the concentration of released factors. 
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APPENDIX II : MAPS AND SEQUENCES 
 
>Hv CREBδ 
Hydra vulgaris CREB isoform 
Specifically expressed within 1 hour after amputation 
Stop codon before the bZIP region 
 
Documentation: 
http://www.expasy.ch/cgi-bin/get-sprot-entry?P51985 
http://www.expasy.ch/cgi-bin/nicedoc.pl?PDOC00036 
http://transfac.gbf-braunschweig.de/cgi-bin/qt/getEntry.pl?C0008 
http://www.expasy.ch/cgi-bin/nicedoc.pl?PDOC00008 
 
   Downfish primer 
GTAGTGCTTCAACAACAGTCAGTAATTCAATCAAATCAGCATCAACTACAGCATCAACTGCAAAATATGCATGAT
GGGGGTATTGAAGGAAAAAGAAGAGAAATACTGGCTAGAAGACCATCATATAGACGTATACTTGATGATCTGGCA
GGTGATGGTCCAGTAAAAATGGAAAATTATGATGACACTGGCAGTAGTGGAGAGTCAAGTCCAAATGGAAATAAT
GAAGAAGATATTAACGGTATAAATCAAAATGCAATTCATCAAGAAAAACAATAAAAGGAACGCTTCCGATGGGTT
TAGATAATACGTCTTTAGCATCGCCCCATCAACTCG 
       CREB 564 primer 
 
The Kinase Indicible Domain (KID) is written blue 
V   V   L   Q   Q   Q   S   V   I   Q   S   N   Q   H   Q   L   Q   H     18 
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GTA GTG CTT CAA CAA CAG TCA GTA ATT CAA TCA AAT CAG CAT CAA CTA CAG CAT    54 
  
Q   L   Q   N   M   H   D   G   G   I   E   G   K   R   R   E   I   L     36 
CAA CTG CAA AAT ATG CAT GAT GGG GGT ATT GAA GGA AAA AGA AGA GAA ATA CTG   108 
  
A   R   R   P   S   Y   R   R   I   L   D   D   L   A   G   D   G   P     54 
GCT AGA AGA CCA TCA TAT AGA CGT ATA CTT GAT GAT CTG GCA GGT GAT GGT CCA   162 
  
V   K   M   E   N   Y   D   D   T   G   S   S   G   E   S   S   P   N     72 
GTA AAA ATG GAA AAT TAT GAT GAC ACT GGC AGT AGT GGA GAG TCA AGT CCA AAT   216 
  
G   N   N   E   E   D   I   N   G   I   N   Q   N   A   I   H   Q   E     90 
GGA AAT AAT GAA GAA GAT ATT AAC GGT ATA AAT CAA AAT GCA ATT CAT CAA GAA   270 
  
K   Q    *                                                                 108 
AAA CA A TAA AAG GAA CGC TTC CGA TGG GTT TAG ATA ATA CGT CTT TAG CAT CGC   324 
 
CCC ATC AAC TCG                                                           336 
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Unique cutting sites in Hv CREBδ  insert (1-336) 
Enzyme       No.  Positions                        Recognition 
name         cuts of sites                         sequence 
AccI          1   132                              gt/mkac              
AspS9I        1   157                              g/gncc               
AsuI          1   157                              g/gncc               
AvaII         1   157                              g/gwcc               
BbsI          1   118                              gaagac               
Bbv16II       1   118                              gaagac               
BfaI          1   110                              c/tag                
Bme18I        1   157                              g/gwcc               
BpiI          1   118                              gaagac               
BpuAI         1   118                              gaagac               
Bsp143I       1   141                              /gatc                
BspMI         1   153                              acctgc               
Bst1107I      1   133                              gta/tac              
BstSFI        1   46                               c/tryag              
Cfr13I        1   157                              g/gncc               
CviJI         1   109                              rg/cy                
DpnI          1   143                              ga/tc                
DpnII         1   141                              /gatc                
Eam1104I      1   100                              ctcttc               
EarI          1   100                              ctcttc               
Eco47I        1   157                              g/gwcc               
EcoT22I       1   71                               atgca/t              
HgiEI         1   157                              g/gwcc               
HinfI         1   202                              g/antc               
HphI          1   155                              ggtga                
Hsp92II       1   73                               catg/                
Ksp632I       1   100                              ctcttc               
Kzo9I         1   141                              /gatc                
MaeI          1   110                              c/tag                
MboI          1   141                              /gatc                
Mph1103I      1   71                               atgca/t              
MseI          1   236                              t/taa                
MwoI          1   57                               gcnnnnn/nngc         
NdeII         1   141                              /gatc                
NlaIII        1   73                               catg/                
NsiI          1   71                               atgca/t              
PleI          1   206                              gagtc                
Ppu10I        1   67                               a/tgcat              
Sau3AI        1   141                              /gatc                
Sau96I        1   157                              g/gncc               
SfcI          1   46                               c/tryag              
SinI          1   157                              g/gwcc               
Tru1I         1   236                              t/taa                
Tru9I         1   236                              t/taa                
TspRI         1   190                              cagtg                
Zsp2I         1   71                               atgca/t              
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>Hv Hedgehog 
Hydra vulgaris Hedgehog  
Documentation: http://www.expasy.ch/cgi-bin/niceprot.pl?Q62226 
 
Hh-VMN-for primer 
GTTATGAATCAGTGGCCGGGCGTCAAAGTCCGAGTTACAGAAGGATGGGACGAGGAGGGTCTACATGCGTC
AAACTCGTTGCACTATGAAGGCAGGGCCTATGACATTACTACATCAGACAGGGACAGATCCAAGTATGAAT
GCCTTGCTCGACTAGCAGTGGAGGCAGGATTCGATTGG 
                    Hh-EAG-rev primer 
 
V   M   N   Q   W   P   G   V   K   V   R   V   T   E   G   W   D   E     18 
GTT ATG AAT CAG TGG CCG GGC GTC AAA GTC CGA GTT ACA GAA GGA TGG GAC GAG   54 
  
E   G   L   H   A   S   N   S   L   H   Y   E   G   R   A   Y   D   I     36 
GAG GGT CTA CAT GCG TCA AAC TCG TTG CAC TAT GAA GGC AGG GCC TAT GAC ATT  108 
  
T   T   S   D   R   D   R   S   K   Y   E   C   L   A   R   L   A   V     54 
ACT ACA TCA GAC AGG GAC AGA TCC AAG TAT GAA TGC CTT GCT CGA CTA GCA GTG  162 
  
E   A   G   F   D   W        59 
GAG GCA GGA TTC GAT TGG     179 
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• Unique cutting sites in Hv Hh insert (1-179) 
Enzyme       No.  Positions                        Recognition 
name         cuts of sites                         sequence 
AccI          1   60                               gt/mkac              
AclWI         1   132                              ggatc                
AcyI          1   20                               gr/cgyc              
AlwI          1   132                              ggatc                
AspS9I        1   95                               g/gncc               
AsuI          1   95                               g/gncc               
BbiII         1   20                               gr/cgyc              
BcnI          1   17                               cc/sgg               
BfaI          1   154                              c/tag                
BsaHI         1   20                               gr/cgyc              
BsaMI         1   144                              gaatgc               
BseRI         1   57                               gaggag               
BsiSI         1   16                               c/cgg                
BsmI          1   144                              gaatgc               
Bsp143I       1   127                              /gatc                
BstF5I        1   47                               ggatg                
BstX2I        1   127                              r/gatcy              
BstYI         1   127                              r/gatcy              
Cfr13I        1   95                               g/gncc               
CfrI          1   13                               y/ggccr              
DpnI          1   129                              ga/tc                
DpnII         1   127                              /gatc                
DraII         1   95                               rg/gnccy             
EaeI          1   13                               y/ggccr              
EcoO109I      1   95                               rg/gnccy             
FokI          1   47                               ggatg                
HapII         1   16                               c/cgg                
Hin1I         1   20                               gr/cgyc              
HpaII         1   16                               c/cgg                
Hsp92I        1   20                               gr/cgyc              
Hsp92II       1   67                               catg/                
Kzo9I         1   127                              /gatc                
MaeI          1   154                              c/tag                
MaeIII        1   33                               /gtnac              
MboI          1   127                              /gatc               
MflI          1   127                              r/gatcy             
Msp17I        1   20                               gr/cgyc             
MspI          1   16                               c/cgg               
MspR9I        1   17                               cc/ngg              
Mva1269I      1   144                              gaatgc              
MwoI          1   154                              gcnnnnn/nngc        
NciI          1   17                               cc/sgg              
NdeII         1   127                              /gatc               
NlaIII        1   67                               catg/               
NspI          1   67                               rcatg/y             
Sau3AI        1   127                              /gatc               
Sau96I        1   95                               g/gncc              
ScrFI         1   17                               cc/ngg              
XhoII         1   127                              r/gatcy             
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>Hv Gli 
Hydra vulgaris Gli/Ci related gene 
Encodes a putative zinc finger DNA-binding transcription factor 
DOMAIN STRUCTURE C2H2 ZINC FINGER 
Documentation: http://www.expasy.ch/cgi-bin/nicedoc.pl?PDOC00028 
 
Gli for2 primer 
CATACAGGTGAGAAACCACATAAATGCCATTATAAAGATTGCAATAAAGCTTACTCTCGACTTGAGAATTTAAAGAC
TCATCTTCGGTCTCACACTGGAGAACGACCTTACTTATGCGAAATTCCTGGGTGTAGTAAAGCATTCTCAAATGCAT
CAGATCGTGCCAAACATCAAAACCGAACCCATTCTGACGTGAAACAGTATGGCTGCAAAGTTAATGGCTGCACAAAA
CGATACACAGACG                                                 Gli rev2 primer 
 
 
H   T   G   E   K   P   H   K   C   H   Y   K   D   C   N   K   A   Y     18 
CAT ACA GGT GAG AAA CCA CAT AAA TGC CAT TAT AAA GAT TGC AAT AAA GCT TAC    54 
  
S   R   L   E   N   L   K   T   H   L   R   S   H   T   G   E   R   P     36 
TCT CGA CTT GAG AAT TTA AAG ACT CAT CTT CGG TCT CAC ACT GGA GAA CGA CCT   108 
  
Y   L   C   E   I   P   G   C   S   K   A   F   S   N   A   S   D   R     54 
TAC TTA TGC GAA ATT CCT GGG TGT AGT AAA GCA TTC TCA AAT GCA TCA GAT CGT   162 
  
A   K   H   Q   N   R   T   H   S   D   V   K   Q   Y   G   C   K   V     72 
GCC AAA CAT CAA AAC CGA ACC CAT TCT GAC GTG AAA CAG TAT GGC TGC AAA GTT   216 
  
N   G   C   T   K   R   Y   T   D                                         81 
AAT GGC TGC ACA AAA CGA TAC ACA GAC G                                     244 
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• Unique cutting sites in Hv Gli insert (1-244) 
Enzyme       No.  Positions                        Recognition 
name         cuts of sites                         sequence 
AluI          1   49                               ag/ct                
Alw26I        1   91                               gtctc                
Asp700I       1   183                              gaann/nnttc          
BpmI          1   100                              ctggag               
BsaI          1   91                               ggtctc               
BsaJI         1   124                              c/cnngg              
BsaMI         1   144                              gaatgc               
Bse1I         1   98                               actgg                
BseDI         1   124                              c/cnngg              
BseNI         1   98                               actgg                
BsgI          1   227                              gtgcag               
BsmAI         1   91                               gtctc                
BsmI          1   144                              gaatgc               
Bsp143I       1   156                              /gatc                
BsrI          1   98                               actgg                
BsrSI         1   98                               actgg                
Bst2UI        1   125                              cc/wgg               
BstNI         1   125                              cc/wgg               
BstOI         1   125                              cc/wgg               
DpnI          1   158                              ga/tc                
DpnII         1   156                              /gatc                
DraI          1   71                               ttt/aaa              
Eco31I        1   91                               ggtctc               
EcoRII        1   123                              /ccwgg               
EcoT22I       1   153                              atgca/t              
GsuI          1   100                              ctggag               
HindIII       1   47                               a/agctt              
HinfI         1   75                               g/antc               
HphI          1   11                               ggtga                
Kzo9I         1   156                              /gatc                
MaeII         1   191                              a/cgt                
MboI          1   156                              /gatc                
MboII         1   85                               gaaga                
Mph1103I      1   153                              atgca/t              
MspR9I        1   125                              cc/ngg               
Mva1269I      1   144                              gaatgc               
MvaI          1   125                              cc/wgg               
NdeII         1   156                              /gatc                
NsiI          1   153                              atgca/t              
PleI          1   79                               gagtc                
Ppu10I        1   149                              a/tgcat              
Sau3AI        1   156                              /gatc                
ScrFI         1   125                              cc/ngg               
SfaNI         1   155                              gcatc                
TaqI          1   57                               t/cga                
TspRI         1   97                               cagtg                
TthHB8I       1   57                               t/cga                
XmnI          1   183                              gaann/nnttc          
Zsp2I         1   153                              atgca/t               
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>Iolaos 
Hydra vulgaris Follistatin-Agrin related gene, 
Encoding 3 Kazal like repeats 
Documentation : (http://www.expasy.ch/cgi-bin/prosite-search-ac?PDOC00254) 
    Gli for1 primer 
TTGCAAACGGGTTGTGATCACGATGGAAAAACATACGCTAGTGAATGTGCGTTAAAGGCTGCATCTTGTCTTAGCCA
GGAGCCCATAGTTAAAGTGTATGATGGCGAATGCAACCTTGAAGGCAACTGCAAATTTGCTTGCAACAGAATGTATG
CTCCAGTTTGTGGTAGCGACAAAAACCTTTACTCAAATGAATGCCTTTTGAGGCAAGCTGCATGCGAACAAAGAAAA
GCAATTACAGTCGTTCGAAATGTTGGTGAAAATACTGATTGTAGTTCTTGTTCCTTTCCATGTACAAGAGAATATAA
TCCAGTGTGTGGATCAGATGGAAAAACCTATGCCACAGAATGCGTAATGAGAGGTTTTGCATGCCAGTACGAAAAGG
CTATTGTTGCCGTTCGCGACGGACCATGCGAAGCTGAGTAAAATCTACATCTTTTTTTAATTTTTAGTGTTCAAAAT
TGATTACAGCAGATTATTTTGACCC  
Gli rev1 primer was not found 
 
Kazal-type serine protease inhibitor domains in blue. 
 
L   Q   T   G   C   D   H   D   G   K   T   Y   A   S   E   C   A   L 18 
TTG CAA ACG GGT TGT GAT CAC GAT GGA AAA ACA TAC GCT AGT GAA TGT GCG TTA 54 
  
K   A   A   S   C   L   S   Q   E   P   I   V   K   V   Y   D   G   E     36 
AAG GCT GCA TCT TGT CTT AGC CAG GAG CCC ATA GTT AAA GTG TAT GAT GGC GAA   108 
  
C   N   L   E   G   N   C   K   F   A   C   N   R   M   Y   A   P   V     54 
TGC AAC CTT GAA GGC AAC TGC AAA TTT GCT TGC AAC AGA ATG TAT GCT CCA GTT   162 
  
C   G   S   D   K   N   L   Y   S   N   E   C   L   L   R   Q   A   A     72 
TGT GGT AGC GAC AAA AAC CTT TAC TCA AAT GAA TGC CTT TTG AGG CAA GCT GCA   216 
  
C   E   Q   R   K   A   I   T   V   V   R   N   V   G   E   N   T   D     90 
TGC GAA CAA AGA AAA GCA ATT ACA GTC GTT CGA AAT GTT GGT GAA AAT ACT GAT   270 
  
C   S   S   C   S   F   P   C   T   R   E   Y   N   P   V   C   G   S    108 
TGT AGT TCT TGT TCC TTT CCA TGT ACA AGA GAA TAT AAT CCA GTG TGT GGA TCA   324 
  
D   G   K   T   Y   A   T   E   C   V   M   R   G   F   A   C   Q   Y    126 
GAT GGA AAA ACC TAT GCC ACA GAA TGC GTA ATG AGA GGT TTT GCA TGC CAG TAC   378 
  
E   K   A   I   V   A   V   R   D   G   P   C   E   A   E   *             141 
GAA AAG GCT ATT GTT GCC GTT CGC GAC GGA CCA TGC GAA GCT GAG TAA AAT CTA   432 
 
CAT CTT TTT TTA ATT TTT AGT GTT CAA AAT TGA TTA CAG CAG ATT ATT TTG ACC   486 
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Unique cutting sites in Iolaos (1 – 486): 
 
Enzyme       No.  Positions                        Recognition 
name         cuts of sites                         sequence 
AccII         1   401                              cg/cg                
AclWI         1   323                              ggatc                
AcsI          1   130                              r/aatty              
AlwI          1   323                              ggatc                
ApoI          1   130                              r/aatty              
AspS9I        1   406                              g/gncc               
AsuI          1   406                              g/gncc               
AvaII         1   406                              g/gwcc               
BanII         1   83                               grgcy/c              
BclI          1   15                               t/gatca              
BfaI          1   38                               c/tag                
Bme18I        1   406                              g/gwcc               
BmyI          1   83                               gdgch/c              
BpmI          1   160                              ctggag               
Bpu14I        1   246                              tt/cgaa              
Bsh1236I      1   401                              cg/cg                
Bsp119I       1   246                              tt/cgaa              
Bsp1286I      1   83                               gdgch/c              
Bsp1407I      1   292                              t/gtaca              
Bsp68I        1   401                              tcg/cga              
BsrGI         1   292                              t/gtaca              
Bst2UI        1   76                               cc/wgg               
BstBI         1   246                              tt/cgaa              
BstNI         1   76                               cc/wgg               
BstOI         1   76                               cc/wgg               
BstUI         1   401                              cg/cg                
Cfr13I        1   406                              g/gncc               
Csp45I        1   246                              tt/cgaa              
Eco24I        1   83                               grgcy/c              
Eco47I        1   406                              g/gwcc               
EcoRII        1   74                               /ccwgg               
FbaI          1   15                               t/gatca              
FriOI         1   83                               grgcy/c              
GsuI          1   160                              ctggag               
HgiEI         1   406                              g/gwcc               
HphI          1   260                              ggtga                
Ksp22I        1   15                               t/gatca              
LspI          1   246                              tt/cgaa              
MaeI          1   38                               c/tag                
MspR9I        1   76                               cc/ngg               
MvaI          1   76                               cc/wgg               
MvnI          1   401                              cg/cg                
NlaIV         1   80                               ggn/ncc              
NruI          1   401                              tcg/cga              
NspV          1   246                              tt/cgaa              
PspN4I        1   80                               ggn/ncc              
Sau96I        1   406                              g/gncc               
ScrFI         1   76                               cc/ngg               
SduI          1   83                               gdgch/c              
SfaNI         1   65                               gcatc                
SfuI          1   246                              tt/cgaa              
SinI          1   406                              g/gwcc               
SspBI         1   292                              t/gtaca              
TaqI          1   246                              t/cga                
ThaI          1   401                              cg/cg                
TspRI         1   315                              cagtg                
TthHB8I       1   246                              t/cga                
 
